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ABSTRACT 
This two-part report  describes a conceptual system design for a s a t e l l i t e -  
aided land mobile service. (Part i i s  the executive sunmary and Part I1 i s  
the detai led technical report.) While mobile sa te l l i t es  of lesser capacity 
may be launched wi th in  the next 10 years using today's technology, these 
systems w i l l  serve as forerunners t o  the large, high capacity system of the 
1990s described i n  t h i s  report. This advanced system i s  based on a geo- 
stat ionary s a t e l l i t e  which employs a large (55-m) UHF r e f l ec to r  t o  comunicate 
wi th small inexpensive user antennas on mobile vehicles. It i s  shown tha t  
such a sate1 li t e  system through mu1 t i p l e  beam antennas and frequency reuse can 
provide thousands o f  radiotelephone and dispatch channels serving hundreds of 
thousands o f  users throughout the U.S. C r i t i c a l  technology areas iden t i f i ed  
and discussed as requir ing fur ther  development include tha t  of a large (~60-m2) 
UHF planar microstr ip patch feed array capable o f  producing approximately 90 
contiguous mul t ip le  spot beams, d is t r ibuted sensing and actuation for the 
a t t i t ude  control  subsystem, large antenna structures, and sma! 1 low-gain 
mobile vehicle antennas. The report concludes tha t  such a system i s  techno- 
l og i ca l l y  feasib le f o r  the 1990s and, indeed, by providing service t o  ru ra l  
and remote regions, should complement the t e r r e s t r i a l  networks serving the 
metropol i t a n  areas, thus enabling ubiquitous rnobi l e  coveraqe o f  the U.S. 
This report i s  P a r t  I I o f  a two-part document, pub1 i shed under the same 
ti t l e  with the f o l l  owing subtit les. 
Par t  I: Executive Sunmary 
Part  11: Technical Report 
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PREFACE 
Land Mobile Sate1 l i t e  Service (LMSS) impl ies the  use of a sate1 l i t e  t o  provide 
t e l  e c m u n i c a t i o n s  (such as telephone, paging , dispatch, data exchange, e tc  .) 
t o  mobile users. For t he  l a s t  decade, NASA and i t s  contractors have studied 
LMSS frtm the standpoint o f  system design, techno1 ogy assessment and develop- 
ment, appl icat ions, market size, f i nanc ia l  v i a b i l i t y ,  and i n s t i t u t i o n a l  factors. 
The ATS series o f  NASA s a t e l l i t e s  has provided experimental v e r i f i c a t i o n  o f  
the f e a s i b i l i t y  and u t i l i t y  o f  mobile s a t e l l i t e  communications. I n  t he  f a l l  
o f  1979, the  World Adminis t rat ive Radio Conference a1 1 ocated RF spectrun: i n  
t he  806-890 MHz band f o r  t he  LMSS, and thereby opened the  door f o r  f u tu re  
implementation o f  such a service. A t  the same time, JPL organized a team t o  
study t h i s  new service. Since t h a t  time, JPL, i n  cooperation w i t h  other NASA 
centers, has conducted numerous major and micor studies re la ted  t o  LMSS, f o r  
both fu tu re  camerc ia l  appl icat ions o f  the  service and f o r  proposed demonstra- 
t i o n  systems which could be launched by NASA. 
I n  the past year, 3PL's e f f o r t s  have concentrated p r i m a r i l y  on the c o n c e ~ ; . ~ '  
development o f  f u tu re  commercial LMSS systems. These e f f o r t s  have involved 
both systems studies, under the sponsorship o f  the NASA Office of Space Science 
and Applications (OSSA), and technology development studies under the sponsor- 
ship o f  the NASA Of f i ce  o f  Aeronautics and Space Technclogy (OAST). A broad 
spectra o f  systems have been studied from simple single-beam s a t e l l i t e s  w i t h  
very 1 imi ted capacity, but  w i th  read i l y  avai lab le tec in01 ogy, t o  the la rge  
antenna, high capacity sate1 1 i t e  requ i r ing  fu tu re  technology. It i s  possib le 
t h a t  w i th in  a iew years one o f  the  more simple 5ystems could be launched t o  
serve a l i m i t e d  user community. More complicated, higher capacity systems 
would fo l low leading to  a r e l a t i v e l y  !drge s a t e l l i t e  i n  the 1990s, such as tha t  
presented i n  t h i s  repor t .  
i x 
The s.ystems studies have e.=ulved from ! y p ~ t t ? e s l r i ~ l ~  the funct ional  requirements 
f o r  the large aper-ational LMSS syscem, t o  the design o f  the  arch i tec ture  o f  the 
LMSS telecommunications network, and f i n a l l y  t o  the conceptual design o f  the 
space and ground segments. 
h e  technology e f f o r t s  have focused on the development o f  RF tcchnoloc~ies, such 
as the s a t e l l i t e  antenna feed and i t s  e lect ronics,  s a t e l l i t e  amp l i f i e r s  and 
diplexers, and the  mobile veh ic le  antenna. I n  addit ion, through the NASA-OAST 
Large Space Systems Techno1 ogy (LSST) Program, technol cgy vork re1 ated t o  LMSS 
was conducted i n  the areas o f  spacecraft s t ructures and cont ro ls  w i t h  emphasis 
on the large deployable antenna required f o r  the  LMSS spacecraft. 
Somewhat b r idg ing  the gap between the various technology stuaies was a config- 
u ra t ion  study o f  t he  LMSS spacecraft conducted j o i n t l y  by JPL, the Boerng 
Company unaer contract  t o  JPL, and NASA Langley Research Center. This st.udy 
configured two spacecraft f o r  a Shut t le  launch and eventual deployment a t  the 
geostationary o r b i t ;  the f i r s t ,  based on the Lockheed wrap-rib deployabie 
antenna and the second on the  Harr is  quad-aperture hoop-column antenna. These 
studies have! been valuable i n  i d e n t i f y i n g  Shut t le  imposed dimensional and 
weight constra ints  and other spacecraft system constra ints  not appdrent from 
the study of the ind iv idua l  technologies. 
This repor t  i s  a synopsis o f  JPL's work t h i s  past year on the  LMSS system and 
the technology development studies. The study as a whole i s  not meant t o  be a 
"Phase A"  type o f  NASA-system study, but i s  rather  a general study of a po- 
t e n t i a l  LMSS operational system wi th  emphasis towards prov id ing a focus f o r  
various re la ted  techno1 ogy developrn2nt programs a t  JPL. As such, i t  presents 
a n a ~ r a t i v e  d e f i n i t i o n  of a candidate LMSS system arch i tec ture  and the associ- 
atea spacecraft design inc lud ing  the technol ogy t radeof fs  inherent i n  the 
design process. The repor t  places heavy emphasis on these design trades t o  
serve those conducting fu tu re  LMSS studies i n  order t o  reduce the  "reinvent 
the wheel" factor.  
The studies a t  JPL have emphasized the  development o f  the  L!!TS spacecraft based 
on the Lcckheed wrap-rib aatenna, however, i t  should be recognized t h a t  other 
degloyab?e ante..qa concepts are appropriate t o  LHSS. It should a lso be noted 
t h a ~  from a :.crle.-ic techn.ll -gy development vie:ipoint, most o f  the technoloqy 
probleas and d r i ve rs  are very s im i l a r  regardiess cf antenna concept. Because 
o f  t h i s ,  the repor t  deals only  w i th  the  Lockheed wrap-rib concept, but i t  i s  
f e l t  t ha t  the t radeof fs  are, f o r  the most par t ,  common t o  any LMSS spacecraft 
design, 
P.e rspor t  i s  s t ructured i n  a fashion t o  be o f  most bene f i t  t o  those who w i l l  
conduct f u tu re  LMSS studies. With t h i s  goal i n  mind, the  organizat ion o f  the 
report  c l osz l y  fol lows the n3tura l  steps i n  the evo ld t ion  o f  the design 
process. It i s  hoped tha t  the na r ra t i ve  s t y l e  o f  w r i t i n g  w i l l  he lp  r e f l e c t  
the thought processes behind the design i n  a manner he lp fu l  t o  f u tu re  wcrkers 
i n  t h i s  f i e l d .  It should be mentioned t h a t  TRW under contract  t o  NASA Lewis 
Research Center i s  cu r ren t l y  conducting a Phase A study f o r  the LMSS. 
A summary o f  the  content o f  t h i s  repor t  fol lows. 
Chapter 1 introduces the concept o f  the  land mobile service. It describes the 
conventional t e r r e s t r i a l  mobile rad io  systems followed tdy t he  d e f i n i t i ~ n  o f  the 
more advanced c e l l u l a r  conceot. The s i m i l a r i t i e s  between a m u l t i p l e  beam sat-  
e l l i t e  system and the t e r r e s t r i a l  c e l l u l a r  system are pointed out and the 
operation o f  the s a t e l l i t e  system i s  explained. The chapter concludes w i th  a 
sect ion on the po ten t i a l  frequency spectre- a v q i l a b i l i t y  f o r  the LMSS i n  the U.S.  
Chapter 2 descr ibes t h e  a r c h i t e c t u r e  of t h e  te lecomnunicat ion network as t he  
- 
f i r s t  step i r t  t h e  design o f  t h e  LMSS system. The chapter  s t a r t s  w i t h  hypothe- 
s i z i n g  a se t  o f  f unc t i ona l  requirements i n c l u d i n g  t h e  t o t a l  number o f  users t o  
be served by t h e  LMSS. The design parameters a re  then  def ined a t  l eng th  and 
are sys temat i ca l l y  se lected such t h a t  the  r e s u l t a n t  system i s  capable o f  
serv ing t he  hypothesized number o f  users. The ou tpu t  o f  t h i s  design process 
i s  the  determinat ion o f  t h e  requ i red  number o f  s a t e l l i t e  beams, which i n  some 
sense, i nd i ca tes  t h e  largeness o f  t he  LMSS system. The chapter  then presents 
the  design o f  t he  backhaul 1 i n k  and determines t h e  number o f  m u l t i p l e  S-band 
beams requ i red  f o r  t h e  backhaul c m u n i c a t i o n .  Next, a conceptual procedure 
f o r  c a l l - r o u t i n g  and l o c a t i n g  a mobi le  subscr iber  w i t h i n  t h e  LMSS network i s  
discussed. This sec t ion  o f  t h e  chapter exp la ins t h e  var ious steps i n  p l ac i ng  
a c a l l  and devel ops t h e  r e l a t i o n s h i p  between ine UHF and t h e  ?-5::,d m u l t i p l e  
beams. A summary o f  t h e  design p a r a ~ t t e r  i s  presented a t  t h e  conc lus ion o f  
the chapter. 
Chapter 3 which c o n s t i t u t e s  t h e  core o f  t h i s  r e p o r t  presents t h e  design o f  MSAT 
which i s  t he  spacecraf t  f o r  ti:? LMSS. Tne most irnpo!.iant requirement a f f e c t i n g  
the design uf  MSAT i s  t h a t  o f  producing a prescr'bed number o f  m u l t i p l e  beams 
as set f o r t h  i n  Chapter 2. S t a r t i n g  w i t h  t h i s  requ i remmt  Chapter 3 develops 
a conceptual desigl i  f o r  MSAT d e s c r i b i r , ~  most major subsysttvns ind iv i c iua l l v .  
Na tu ra l l y  t h e  b u l k  o f  t h e  d i s c u c s i ~ n  i s  aimed a t  t h e  design o f  t h e  l a r g e  UHF 
m u l t i p l e  beam antenna and i t s  associated feed a r r a y  which a re  t he  most s inqu- 
l a r l y  prominent fea tu res  of MSAT. The c!.apter beqins w i t h  an overview o f  
the o v e r a l l  design, and c o n ~ i n u e s  w i t h  a d iscuss ion o f  each subsystem. The 
mate r ia l  covered i n  t h i s  chapter inc ludes t he  desiqn o f  t he  feed a r ray  and the 
RF, con t ro l ,  power, propuls ion,  and thermal subsystem. The RF performance 
of the UHF antenna, i r l c l  udinq I t s  beam i s o l a t i o n  pt - -~~onance ,  i s  discussed a t  
some length. The chapter concludes w i th  the  volume and mass proper t ies o f  
MSAT and i t s  Shut t le  launch considerations. 
Chapter 4 considers the  ground segment, notably the  mobile vehic le antenna. 
This chapter presents three conceptu?' designs for  the mobile antenna, 
inc lud ing  one which could potent i  a1 1 y be used throughout the  coverage area. 
Also presented i s  the design f o r  a vehir!? antenna t o  be used a t  low e levat ion 
angles, such as i n  Alaska. The other ~na jo r  t op i c  discussed i s  t ha t  o f  t he  
select ion o f  a voice modulation scheme f o r  LMSS which impacts the makeup o f  
the  mobile t ransceiver  and a f fec ts  the compa t ib i l i t y  o f  tt12 s a t e l l i t e  w i th  the 
t e r r e s t r i  a1 sysiems. 
Chapter 5 ampl i f ies the technology requirements f o r  MSAT i n  connection w i t h  
the RF, cont ro l ,  and structur-e o f  the  UHF antenna. This chapter i s  meant 
t o  h igh l i gh t  various technology developments needed t o  support the conceptual 
design o f  Chapter 3. 
The report  a lso contains s i x  appendices which f o r  the most pa r t  consider 
a l te rna t ives  t o  the  basel ine design presented i n  t he  main body o f  the repor t :  
Appendix A considers an MSAT design using a standard casseqrain con- 
f i gu ra t i on  f o r  the UHF antenna and concludes tha t  the design i s  not 
p a r t i c u l a r l y  a t t r a c t i v e .  
Appendix B also considers the folded op t i cs  but based on dual-shaped 
re f lec tors .  The aim i s  t o  synthesize the surfaces o f  the  main and the 
subref lectors for  be t te r  HF performance or, equivalent ly  same RF per - 
fonnance but a more compact s p x e c r a f t  design. The appendix discusses 
the requi red software devel opment and qives pre l  iminary resul ts .  
Appendix C presents an LMSS system design based on a 4-sub-band frequency 
reuse plan i n  conjunct ion w i th  t h e  use o f  po la r i za t i on  d i ve rs i t y .  This 
design i s  contrasted w i t h  the base1 i ne  which employs a 7-sub-band frequency 
reuse plan and on ly  one sense o f  an orthogonal polar izat ion.  Noting the 
increase i n  LMSS capacity assocfated w i th  the use o f  a 4- ra ther  than a 
7-frequency reuse plan, t h i  5 appendix addresses the  required charac ter is t i cs  
o f  the UHF feed i n  order t o  enable the use o f  po la r i za t i on  d i ve rs i t y .  
Appendix D presents the  resu l t s  of an intermodulat ion analysis study. The 
LMSS i s  inherent ly  a Sing1 e Cnannel -Per-Carrier (SCPC) te! ecommunication 
system. As such, hundreds of ca r r i e rs  w i l l  be routed through common 
ampl i f ie rs  causing intermodulat ion d i s to r t i on .  Further complicat ing the 
intermodblation d i s t o r t i o n  i s  the fac t  t h a t  not a l l  s iqnals w i th in  a power 
ampl i f ie r  have equal powers. A summary o f  the  analysis study i s  presented 
i n  t h i s  appendix. 
Appendix E presents an o u t l i n e  f o r  a systematic design o f  a m u l t i p l e  beam 
o f f se t  antenna. This appendix should fu r the r  help the  dnderstanding o f  the 
antenna design presented i n  the main body o f  the tex t .  
Appendix F considers the use o f  e l e c t r i c  propulsion i n  order t o  reduce the 
weight o f  MSAT. The b a s e l i ~ e  design uses l i q u i d  propel lant ,  which along 
w i th  the a5sociated hardware, const i tu tes near ly  25 percent o f  the weight 
o f  MSAT. E l e c t r i c  propulsion could p o t e n t i 3 l l y  reduce t h i s  t o  only  a few 
percent. 
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Land Mobile Satellite Service (LMSS) 
Chapter 1 
Introduction 
This chapter i s  de~o ted  t o  the presentation o f  the background information and 
the introduction o f  the concept o f  land mobile service. Section 1.2 describes 
the conventional t e r r e s t r i a l  mobile radio systems, including dispatch and 
radiotelephone. Next, the more advanced ce l l u l a r  system i s  described and i t  
i s  explained how t h i s  system mit igates the man3 problems cur rent ly  plaguing 
the conventional t e r res t r i a l  mobile service. Then, Section 1.3 i ntroduces the 
concept o f  the Land Mobile Sa te l l i t e  Service a:id points out how a sate1 1 i t e  
system can augment the t e r res t r i a l  system for  2 t r u l y  ubiquitous coverage. 
The section also b r i e f l y  explains the operaticn of a mu1 t i p l e  beam s a t e l l i t e  
system i n  tenns o f  i t s  s im i l a r i t i e s  w i th  the t e r res t r i a l  ce l l u l a r  systm;. 
The chapter concludes wi th a section on tbs potential  frequency spectrum 
a v a i l a b i l i t y  f o r  the LMSS i n  the United States. 

PRECEDING PAGE BLANK NOT FIUD 
1.1 BACKGROUND 
To each o f  us the  term "mobile radio"  has d i f f e r e n t  connotations. To some, 
i t  impl ies the type o f  dispatch used by pol ice, firemen, taxicabs, and 
an~bulances. To others, i t  means a personal two-way radio, such as the  
c i t i z e n s  band o r  amateur radio. S t i l l  others th ink  o f  comerc ia l  mobile 
radiotelephones used by physicians and businessmen. A few might s t re t ch  the 
meaning a b i t  and th ink  of paging, w i th  i t s  rap id l y  growing market o f  "beepers." 
The types and uses o f  mobile radios have increased a t  an enormolls pace i n  the 
l a s t  10 years as t h e  cost and s i ze  o f  t h e i r  e lec t ron ics  have diminished. The 
increased demand f o r  these services has presented the system designers t h e  
challenge of accommodating an increasingly  la rge  market i n  precious l i t t l e  
rad io  spectrum. 
Complicating t h i s  further, users want a higher q u a l i t y  of serv ice than ever 
before. Dispatchers want c lea r  channels. Radiotelephone users want the  con- 
venience and q u a l i t y  o f  a bedroom extension phone. They a l l  want immediate 
service and they want i t  from any location. Above a1 1, they want i t  cheap. 
Wi th in  the next few years, mobile radios w i l l  take a quantum leap i n  technology 
and service w i t h  the in t roduc t ion  o f  c e l l u l a r  mobile radiotelephone systems. 
I t s  sophist icated contro l  system and e f f i c i e n t  use o f  the spectrum w i l l  pro- 
vide a grade o f  service superior t o  tha t  present ly avai lable. Furthermore, 
the system i s  expandab?? w i th  growing markets and, indeed, should be less 
cos t l y  t o  the user as the system grows. ?lany bel ieve tha t  the e l a s t i c  nature 
o f  the market w i l l  create a s p i r a l  e f fec t  of decreasing pr ices and increasing 
market demand. N h i l e  recent mobile rad io  market forecasts d i f f e r  i n  t h e i r  
assessments, even the most pessimist ic  foresees a remarkably strong growth 
curve i n  the  next  20 years and beyond. 
Most scenarios o f  the growth o f  mobile radios show the c e l l u l a r  mobile radfo- 
telephone systems, i n  the next decade, captur ing the  l u c r a t i v e  markets i n  the 
metropol i tan areas of  the country w i t h  slower expansion i n t o  the medim- 
sized c i t i e s .  Unfortunately, the  ma jo r i t y  o f  the geographical area o f  t he  
country, and a s i g n i f i c a n t  po r t i on  o f  the  p ~ p u l  a t i o n  o f  the country repre- 
sented by t h a t  area, w i l l  no t  be served by these adv~nced systems, p r i a a r i l y  
because these systems are n o t  p a r t i c u l a r l y  cost  e f fec t ive  i n  l ess  densely 
populated areas. Market assessments conducted by the  National Aeronautics 
and Space ACministration (NASA) have consis tent ly  shown t h a t  i n  the l ess  
oopu'lated areas of the country, a stronq market e x i s t s  f o r  dispatch, radio-  
telepht -e, and emergency services. This narket  w i l l  no t  be adequately served 
i n  the near f u tu re  by uresent o r  proposed systems because the cos t  o f  provid- 
i n g  mobile service i n  the r u r a l  and remote areas i s  h igh  [Refs. 1, 2, 31. On 
the other  hand, a s a t e l l i t e  system, as described i n  t h i s  repor t ,  i s  i d e a l l y  
su i ted  t o  covering vast  geographic areas on an econonic basis.  Many now 
bel ieve tha t  the so lu t i on  t o  a t r u l y  nat ional  and ubiquitous mobile rad io  
serv ice w i l l  be composed o f  c e l l u l a r  systems serving the metropol i tan areas, 
in tegrated w i t h  and complemente4 by a s a t e l l i t e  system servina the r u r a l  and 
remote areas. 
i n  1979, the World Adminis t rat ive Radio Conference (NARC) recognized the value 
of u t i l i z i n p  a qeostationary s a t e l l i t e  f o r  mobile conmunication and a l loca te< 
the 806-890 PfHz band f o r  t h i s  purpose i n  two of i t s  three global adminis t rat ive 
regions, i n c l u d i n g  a l l  o f  Nor th  and South America.* Whi le  t h i s  a l l o c a t i o n  
does no t  imply  a  na t i onz l  a l l o c a t i o n  f o r  mobi le s a t e l l i t e  se rv ice  i n  t h i s  
band ( t he  FCC must approve), no r  does i t  guarantee t h e  economic v i a b i  1  i ty  o f  
any such s a t e l l i t e  service,  i t  was a f i r s t  s tep enabl ing system designers t o  
develop p o t e n t i a l  l y  v i a b l e  concepts. Such a sa te i  1 i t e  concept i s presented 
i n  t h i s  report .  From t h e  study presented here, i t  app2ars t h a t  a  mob i le  
s a t e l l i t e  system, se rv ing  a l l  areas of the  contiguous 48 s ta tes,  can be bo th  
t e c h n i c a l l y  f e a s i b l e  and econornical ly v i a b l e  w i t h i n  t h e  next 10 t o  15 years. 
Before descr ib ing  the  s a t e l l i t e  system, t he  next  sec t ion  w i l l  rev iew some 
o f  t h e  fundamentals of t h e  f i ob i l e  r a d i o  which w i l l  he p e r t i n e n t  t o  t he  n o b i l e  
s a t e l  1 i t e  systew clesiqn. 
* Reference i s  made i n  t h i s  r epo r t  t o  mobi le s a t e l l i t e  service,  mobi le  service,  
etc. These a re  s p e c i f i c a l l y  de f ined  terms as used by t h e  I n t e r n a t i o n a l  T r i e -  
communications Union. The t e n  "mobi l?  se rv ice"  r e f e r s  t o  t e r r e s t r i a l  m ~ b i l e  
operat ions and i s  f u r t h e r  subdiv ided i ~ t o  land  mobile, marit 'me mobile, and 
aeronaut ica l  mobi le  t o  d i s t i n g u i s h  m o t i l e  operat ions on iand, sea, o r  a i r .  
S i m i l a r l y  "mobile sa te l  1  i t e  se rv ice"  ~ m p l  i e s  communications t o  a  mobi le  u n i t  
v i a  s a t e l l i t e  and the  terms land, marit ime, and aeronaut ica l  r e f e r  t o  t h e  
l o c a t i o n  o f  t h e  mobi le un i t .  The MARC a l l o c a t i o n  f o r  mobi le s a t e l l i t e  
se rv ice  i n  t h e  806-890 MHz band includes land and mar i t ime mobi le  s a t e l l i t e  
serv ices bu t  excludes aeronaut ica l  mobi le s a t e l l i t e  service.  
1.2 TERRESTRIAL MOBILE RADIO SYSTEMS 
Almost everyone has been exposed t o  some form of a mobile radio, such as the 
radiotelephone i n  a businessman's car, the  "squawk" from a tax icab 's  two-way 
rad io  o r  simply a ~ h i l d ' s  "waikie-talkie."  The basic operat ion o f  two types 
o f  mobile rad io  service, dispatch and radiotelephone, i s  precented i n  t h i s  
section. 
Dispatch involves two-way communication between a dispatcher a t  a base s t a t i o n  
and a number o f  mobile u n i t s  i n  the f i e l d  (see Fig. 1 - l (a ) ) .  Typ ica l l y  one 
frequency channel i s  used f o r  t ransmi t t ing  from the base s t a t i o n  and another 
i s  used f o r  the mobile transmitters. Each mobile thus tunes t o  and hears only  
the dispatcher. ?he actual base s t a t i o n  t ransmi t te r  and antenna may be located 
on the dispatcher 's premises o r  i t  might be a t  a remote l oca t i on  where i t  i s  
connected t o  the base s t a t i o n  by telephone 1 ines o r  another rad io  1 ink. Radio 
repeaters are o f ten  used w i t h  dispatch systems i n  order t o  loca te  the trans- 
mi t te r ,  where i t  has " l ine-o f -s igh t "  over a wide coverage area. 
Repeater 
The operat ion o f  a rad io  repeater i s  worth explaining, no t  only  because re- 
peaters are used i n  t e r r e s t r i a l  rad io  systems, b u t  a lso because the s a t e l l i t e  
system i s  bas i ca l l y  2 "repeater i n  the sky." I n  i t s  simplest form, two sets 
o f  communication channels are involved i n  a repeater operat ion (see Fig. 1-1 (b ) ) .  
S ta r t i ng  a t  the base stat ion,  one frequency channel ( C )  i s  used f o r  the traqs- 
mission t o  the repeater. The repeater receives t h i s  signal,  t ranslates 
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a) Simple Base S t a t i o n  Dispatch 
BASE 
STATION 
FREQUENCY CHANNELS: 
A, I, C, D 
b) Dispatch With Repeater 
Fig~;e 1-1 . Two Conf igurat ions f o r  Radio Dispatch Service 
t h e  s igna l  t o  a d i f f e r e n t  frequency ( A ) ,  then  re t r ansm i t s  i t  t o  t he  mobi le  
un i t .  The mobi le u n i t  t ransmi ts  on a t h i r d  frequency channel ( 0 )  back t o  t h e  
repeater. The repeater  i n  t u r n  t r ans la tes  t h i s  t o  a f o u r t h  frequency ( D )  and 
t ransmi ts  t h e  s igna l  back t o  t he  base s ta t ion .  The disadvantages of t h e  
repeater  system are t h a t  they r equ i r e  a separate remote equipment l o c a t i o n  
;:id tw i ce  t h e  number o f  frequencies. The advantage i s  t h a t  t h e  repeater  can 
be loca ted  cn a mountai;! o r  t a l l  b u i l d i r q  and thereby, g r e d t l y  i n c r i a s e  t h e  
coverage area and t h e  n u ~ b e r  o f  customers served. 
1.2.2 Mobi 1 e Radiotelephone 
Whi le  d ispa tch  impl i e s  communication on a o~e- to-many basis, radiotelephone 
impl i e s  one-to-one communication. For each mobi 1 e r e q u i r i n g  a te lephone 
connect ion a t  any g iven t'me, a p a i r  o f  channels a re  set  up between t he  base 
s t a t i o n  and t h e  mobi le and are used not u n l i k e  t h a t  of t h e  d i s p s t c 5  system 
between t h e  base s t a t i o n  and - one mobi le  u n i t .  Wi th  radictelephone, t/,e base 
s t a t i o n  connects t he  r a d i o  channels t o  t h e  r egu la r  telephone network, thus  
p e r m i t t i n g  t h e  mobi le  user t o  access any telephcne i n  t h e  country. As i~ 
t h e  d ispatch systems, t h e  mobile user must s tay i n  t h e  coverage area ( l i n e -  
f - s i g h t )  o f  t h e  base s t a t i o n  o r  one o f  i t s  repeaters. The frequencies used 
by t he  systems are t y p i c a l l y  i n  t he  r l l o w i n g  bands: 30-44 MHz, 152-162 Ml'z, 
and 450-460 MHz. The new c e l l u l a r  mobi le  r a d i o  telephone systems (discuss. ., 
i n  t h e  next sec t ion )  w i l l  be i n  t h e  806-890 MHz band. 
A1 though conceptual l y  simp1 e from a frequency channel s,:aqdpoint, t he  actua l  
implementation o f  t h e  c a l l i n g  procedures and c o n t r s l  n; orks i s  va r ied  acd, 
i n  some cases, q u i t e  compl idated. Some systems requ i r e  operator  assistance 
f o r  every c a l l  wh i l e  o ther  s y s t e m  are t o t a l l y  autoi:lated. Radiotelephone 
serv ice i s  provided by rad io  comnon c a r r i e r s  (RCCs) o r  by the regular  wire1 i n e  
telephone companies. The RCCs prod?de only the mobi le-to-base s t a t  i on  con- 
aunicat ions a ~ d  control ,  and a;so prcvide the interconnect ion o f  these s ignals 
w i th  a separately m e d  w i r e l i n e  network. 
1.2.3 C e l l u l a r  Hobi le  Radio Svstems 
Tbe mobile radiotelephone systems described above have a nunber of technical  
and i n s t r t v t i z n a i  drawbacks: the  ava i lab le  frequencies are very :imited; 
mobile u n i t s  from one cmpany JY not nork ir! anot5:r conyany' s system or aay 
net be frequency compatible; the  q u a l i t y  o f  se r r i ce  ( v o i c ~  qua l i t y ,  b a i t  f o r  
c a l i  setup, etc.) i s  inconsis tent  and often poor; wa i ts  of a year t o  become a 
ctrstmer a re  not u n c m o n  i n  sme areas; l i ne -o f - s igh t  i s  o f ten  not possib le 
i n  the ccverage 6rea r e s u l t i n g  i n  poor or no c m ~ n i c a t i c c ;  and so on. The 
c e l l u l a r  systems now under developent,  such as !!TT's Advanced % b i l e  Phone 
Service {AHPS). w i l l  correct  most o f  these drawbacks and provide ht3h qua1 i ty ,  
autcmatic service a t  prices, i n  some cases, less than present systms. Drice 
the c e l l u l a r  system c m n c e s  i t s  commercial operation, the concept of a car  
telephone oper3t ing j u s t  l i k e  our phone a t  hone o r  business, w i l l  tre much 
c loser  t o  rea l i t y .  
The ch ie f  a t t r i bu tes  o f  the c e l l u l a r  systems are: 1 )  2 f f i c i e n t  spectru? g t i -  
1 i z a t i o n  through frequency reuse among the geograshical c e l l  s; 2) c e l l  s izes 
commensurate w i th  the user population, w i th  maruet growth po tent ia l  through 
fu r the r  c e l l  subdivision; 3 )  , nationwide autcqated cont ro l  and rou t ing  systec; 
3 )  standardizat ion of equ ipen t  i n  dSfierent coverage regicss; an3 5 )  a new 
and cubstaf i i ia l  frequency a l l oca t i on  i n  the  806-896 YHz band. 
I n  a ce l  l u l a r  system, the  e n t i r e  coveraae area, f o r  ~x imple ,  a  major c i t y  
and i t s  suburbs, i s  d iv ided i n t o  a nunber of ce l l s ,  each w i t h  i t s  own base 
s t a t i o n  and frequency band. The frequency reuse concept i s  used t o  increase 
the u t i l i t y  of the ava i lab le  frequency s p e c t r m  as s!wy;l i n  Tig. 1-2. I n  t h i s  
example, t he  t o t a l  a!located band i s  d iv ided i n t ~  three sub-bands, designated 
A, 5 ,  and C, w i t h  2ach suh-band hcing assigned t o  a  cel i * .  Note tha t  no c e l l  
i s  adjacent t o  a  c e l l  o f  the  same sub-band- r h i s  irrsures tha t  the trans- 
missions f n  one c e l l  ao not i n t e r f e r e  w i th  the independent transmissions i n  
the adjacent c e l l  s. HOWVE~, through per cont ro l  and geographical sep- 
d ra t  i o ~ ,  the frequency sub-hands aye reused I a nonadjacent c e l l  s  thereby 
prov id ing e f f i c i e n t  use of tne ava i lab le  spectrm- In  t h i s  way, any given 
frecluency channel can be : :bad i n  hundreds o f  separate geographic loca t ions  
an l i ke  the o lder  brcid' coverace systems as depicted i n  Fig. 1-1. 
k. a vehic le roam from o w  geogrdcnical c e l l  t o  acother, the nobi l e  ur:i t ' s  
freqtrencies are  a !~ tomat ica l l y  chdnged t o  a  new set, c m p a t i h l e  w i th  the base 
s ta t i on  ii~ tha t  c e l l .  The cont ro l  a d  interconnect ion w i th  the wire1 i no  
~ e t m r k  i s  handled by the noh i l e  telephone switching o f f i ce  (MTSC! ds shown 
i n  Fig. 1-2. 
I n  add i t iov  t o  t i e  ftequency re"se aspect, the other inajor feature o f  the 
:e l lu lar  system r!e;?icted i n  Fig. 1-2, i s  the d i f fe ren t  c e l l  s i r e s  t o  ac- 
ccmodate varyinq user populat ion densit ies. For exatnple, the l a rge r  c e l l s  
Actual ce l  luar  systems w i l l  use seven frequency sub-hands, not the three 
shown here for  i 11 r ~ s t r a t i v e  purposes. 
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n igh t  represent less populated suburban areas while the smaller c e l l  s re- 
present the more densely populated urban areas. Should the market i n  any 
given c e l l  increase, the c e l l  can be fur ther subdivided i n t o  smaller c e l l s  t o  
accoamdate the increased t ra f f ic .  These snal ler  c e l l s  represent a greater 
reuse of the avai lable spectrum, thus providing more avai lable channels for  
the same coverage region. 
1.3 THE SATELLITE SYSTEM COHCEPT 
As sophist icated as the c e l l u l a r  mobile radiotelephone concept i s ,  the fac t  
remains t h a t  such a system w i l l  no t  provide coverage t o  the  nonurban areas o f  
the country, a t  l e a s t  fo r  many years t o  come. A geostat ionary s a t e l l i t e ,  on 
the o ther  hand, i s  i d e a l l y  suf ted  f o r  p rov id ing  communication t o  v i r t u a l l y  any 
geographic region, no mat ter  how remote. The quest ign about the sate1 1 i t e  i s  
not  whether i t  can do the j ob  fron a technical p o i n t  o f  view, bu t  whether i t  
can do i t  economically, t h a t  i s ,  the system can make a p r o f i t  as a corrnercial 
en t e r p r i  SE . 
NASA hzs had a ccnt inuing progran t o  study and assess the po ten t i a l  market f o r  
a m c i h i l ?  s a t e l l i t e  system. T h i s  repor t  w i l l  no t  deal w i t h  these market fore-  
casts b u t  w i l l  ra ther  concentrate on the technical aspects of the system design. 
It should he pointed out, however, t h a t  there are many s e y e n t s  t o  the po ten t i a l  
mobile s a t e l l i t e  market. This includes voice and data appl icat ions such as: 
c m e r c i a l  mobile radiotelephone; d isaster  assess~er l t  an3 r e l i e f ;  search and 
rescue operations; law enforcement; ewrgencv medical services; te r ro r ism con- 
t r o l  and nat ional  secur i ty  ; i n t e r s t a t e  truck i n c  dispatch; monitor ing o f  
bazardo IS mater ia l  t ransportat ion;  fo res t  f i r e  containment; dispatch, moni- 
tor inq,  3nd cont ro l  f o r  widespread u t i l i t y  operations such as o i  1, gas, 
e l e c t r i c  poder, and water; and possibly nationwide naging. 
C m n i c a t i o n s  t? remote arcas have d i  f fe rer l t  uses and values t o  d i f f e r e n t  
comnercidl and government e n t i  t i es .  For example, a t ruck ing  company may be 
w i l l i n g  t o  equip i t s  t rucks w i th  mobile e q u i v e n t  f o r  cross-country t rave l  and 
pay a ce r ta in  monthly charge f o r  use of the  s a t e l l i t e .  An o i l  company 
explor ing o r  d r i l l i n g  f o r  o i l  i n  a remote region may be w i l l i n g  t o  pay 10 
times t h a t  monthly fee f o r  the same s a t e l l i t e  serv ice because o f  the 
r e l a t i v e l y  hiaher costs o f  t h e i r  operations. The sate1 1 i t e  system described 
i n  t h i s  repo r t  i s  designed t o  accommodate a l a r g e  nunber of customers paying 
monthly fees compara3le t o  those of the c e l l u l a r  systems. However, i t  i s  
possib le t h a t  a much smaller system could a lso be economically v iab le  w i t h  
fewer cvstmers,  each paying a re:at ively l a rge  monthly fee. This " e l i t e "  
mobile s a t e l l i t e  system may i n  f a c t  he the precursor f o r  the more extensive 
system descr i  bpd here. 
Conceptual l y  , the sate1 1 i t e  system i s  anal ogous t o  the c e l l  u l  a r  rad io te l  e ~ h o l e  
systems i n  design and s i n i l a r  i n  operation. For a geoqraphic service area 
such as COltLlS ( t he  contiguous $8 states) ,  the sate1 l i t e  a ~ t e n n a  produces a 
nunher of cont iqtous beans whose foo tp r i q t s  on the  coverage area appear as 
i n  Fig. 1-3.* These c i r c ~ i l a r  f oo tg r i n t s  nominally represent the -3 dB con- 
tours of the heaq patterns. Freque~cv sub-bands are assigned t o  each 5ea3 
as i n  the c e l l u l a r  case w i th  no adjacerlt Sems assigned t o  the same sub-bdrld. 
Following the discussion o f  the t e r r ~ s t r i a i  systems, the s a t e l l i t e  system 
i s  equivalent t o  the c e l l u l a r  sy tern i n  t h a t  the bear: f oo tp r i n t s  are ec,:1iv3 
l e n t  t c  the c e l l s ,  the s a t e l l i t e  i s  equivalent t o  remote repeaters f o r  each 
c e l l ,  and t.ie qround bas4 s ta t ions  w1thill i l le beam f o o t p r i n t s  serve the sa.ne 
* Figure 1-3 shows the CONUS boundary and the beam foo tp r i n t s  ds viewed fro13 
the s a t e l l i t e .  The dctual geographical f oo tp r i n t  o f  each bean on Earth i s  
n o t  c i r c u l a r .  Fnrthemore, each beam does not  cover the same s ize area. 
Yore d e t a i l  i s  t?iven i n  Section 2-4. 
Figure 1-3. Satellite Beam Layout Illustrating Coverage of 
CONUS by 87 Beams 
f unc t i on  as base s t a t i o n s  i n  the c e l l u l a r  systems, t h a t  i s ,  c o n t r o l  and wi re-  
1  i n e  network in terconnect ion.  The u l  t i n a t e  goal, i n  fact ,  f o r  the  s a t e l l i t e  
design i s  t o  produce a system equipment c o m p a t i b i l i t y ,  t o  the g rea tes t  e x t e n t  
possible.  This permi ts  t he  user  t o  have a s i n g l e  s e t  o f  equipment i n  h i s  
veh i c l e  f o r  b o t h  the  s a t e l l i t e  and the c e l l u l a r  systems awl  enables the  sat -  
e l l i t e  sy5tern t o  take advantaoe of  t h e  economies o f  sca le  i n  t h e  p roduc t ion  o f  
t he  mobi le  equipment. I n  the  u l t i m a t e  system, a  user w i l l  p lace o r  rece ive  a 
c a l l  from h i s  veh i c l e  and no t  know whether h i s  c a l l  i s  routed v i a  t he  sate1 1 i t e  
o r  the  t e r r e s t r i a l  1  ink .  Th i s  u l t i m a t e  system would requi  r e  c o n t r o l  coordina- 
t i o n  between the  sate? 1 i t e  and c e l l u l a r  systems t o  determine t h e  optimum s i gna l  
r o u t i n g  based on the  geographic p o s i t i o n  o f  t h e  veh ic le .  
h e  d i f f e r e n c e  between t he  sa te l  1  i t e  and c e l l u l a r  systems i s  t h a t  t h e  " r e -  
~ e a t e r s "  f o r  the sa te l  1  i t e  svstem " c e l l  s" a re  co located a t  one po in t ,  t h e  
sa te l  1  i t e  i t s e l f .  Therefore, t he  sa te l  1  i t e  must d i  st ,  i b u t e  a1 1 t h e  UHF mobi le  
communications t o  base s t a t i o n s  loca ted  around the count ry  f o r  i n te rconnec t ion  
w i t h  the l o c a l  w i r e l  i n e  networks. The sate1 l i t e  accomplishes t h i s  by p rov i d i na  
S-band "backhaul" l i n k s  t o  the  base s t a t i o n s  through another mu l+ i p l e  heam 
antenna producinp one beam f o r  each hase s t a t i o n  (see F iq .  1 - 4 ) .  
A t y p i c a l  c a l l  may o r i g i n a t e  from a home telephone connected t o  the w i r e l  i n ?  
network. Th is  c a l l  i s  rou ted  v i a  l and  l i n e s  t o  a  base s t a t i o n  where i t  i s  
t ransmi t ted  t o  the s a t e l l i t e  over the S-hand 1 ink .  The s a t e l l i t e  t r ans l a tes  
the frequerlcy t o  l l H f  2nd r e l a y s  the  c a i l  over t h e  UHF l i n k  t o  t he  mobi le user.  
Th is  completes one way connection. I n  the r e t u r n  l i n k ,  the mobi le t ransmi t  t o  
sate11 i t e  over UHF 1 ink ,  the  s a t e l l i t e  rece ives and re l ays  the  c a l l  back t o  
t he  base s t a t i o n  over the S-band l i n k  and the base s t a t i o n  forwards the  c a l l  
tbrou@h the w i r e l  i n e  network t o  the  o r i g i n a t i n g  phone. Fur ther  d e s c r i p t i o n  
f o r  c a l l  setu? and r o u t i n g  i s  presented i n  Sect ion 2.6. 
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1.4 FREQUENCY ALLOCATION 
A t  present no a l l o c a t i o n  e x i s t s  i n  the Uni ted States f o r  t h e  Land Mobi le  Sat- 
e l l  i t e  Service (LMSS). The design presented here assumes t h a t  20 MHz of t h e  
so-ca l led "reserve" bands i n  t h e  806-890 MHz band w i  11 be a l l oca ted  by t he  FCC 
fo r  t h i s  service. (Pa r t  o f  t h e  band has been a l l oca ted  f o r  t h e  c e l l u l a r  mobi le  
radiotelephone i n  the  U.S., and i n t e r n a t i o n a l l y ,  t h e  e n t i r e  band has been 
a l loca ted  f o r  LMSS.) O f  t h e  20 MHz assumed f o r  LMSS, 10 MHz (821-831 MHz) 
would be f o r  mob i le - to -sa te l l  i t e  channels and t h e  o the r  10 MHz (866-876 MHz) 
f o r  t h e  s~ :? - . i i i t e - t o -mob i l e  channels w i t h  a  45  MHz separat ion between t h e  
correspond.; i!,g i ;? l  i nk  and down1 ink channel s, s im i  1  a r  t o  the  c e l  l u l  a r  separation. 
Another assumption made f o r  t h i s  study i s  t h a t  t he  sa te l l i t e - t o -base  s t a t i o n  
backhaul l i n k s  w i l l  be i n  t he  2.5-2.69 GHz band, which has an i n t e r n a t i o n a l  
a l l o c a t i o n  o f  35 MHz f o r  both t he  up l inks  and downlinks f o r  f i x e d  s a t e l l i t e ,  
services. Th is  band was chosen because i t  i s  r a r e l y  used f o r  sate1 1 i t e  
service, whereas, C-band and Ku-band frequencies are i n  g rea t  demand. The 
g rea te r  bandwidth l ~ v a i l a b l e  a t  S-band f o r  t he  backhaul l i n k s  (70 MHz t o t a l  f o r  
up1 inks  and down l i~ lks  as opposed t o  20 MHz a t  UHF) imp l ies  t h a t  t he  communica- 
t i o n s  from several o f  t h e  mobi le  UHF beams can be trans1 ated t o  a  s i n g l e  S-band 
backhaul beam. This g ives the  system designer t i l e  op t i on  o f  having one base 
s t a t i o n  f o r  several UHF beams. (For  more d e t a i l  sze Sect ion 2.5) 
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LMSS Communication 
Network Design 
2. LMSS COMMUNICATION NETWORK DESIGN 
This chanter  descr ibes t he  a r ch i t ec tu re  o f  t he  telecommunication network as 
t he  f i t  s t  s tep i n  the  design o f  the  LMSS system. The chapter s t a r t s  w i t h  
hypothes iz ing a se t  of f t l nc t iona l  reo~! i rements i n c l u d i n g  the  t o t a l  ~ m b e r  o f  
users  t o  be served by t he  LMSS. The design parameters a re  then de f ined  a t  
l eng tb  (Sect ion 2.2) and are sys temat i ca l l y  se lected such t h a t  t he  r e s u l t a n t  
system i s  capable o f  se rv ing  the  hypothesized number o f  users. The output  o f  
t h i s  design process i s  t he  determinat ion o f  t he  requ i red  number o f  s a t e l l i t e  
beans, which i n  some sense, i nd i ca tes  the largeness o f  the LMSS system. The 
chap,er then presents the design of  the  backhaul l i n k  ( S e c t i ~ n  2.5) 2nd de te r -  
mines t h e  number o f  mu1 t i p l e  backhaul beams requ i r ed  f o r  communication t o  the  
base s ta t ions .  tlext, a  conceptcia1 procedure f o r  c a l l - r o u t i n g  and l o c z t f n g  
a  mobi le  subscr iber  w i t h i n  the LMSS network i s  p r e s ~ n t e d  i n  Sect ion 2.6. Th is  
sec t ion  o f  t he  chapter exp la ins  t h e  var ious steps i n  p l ac i nq  a c311 and 
develops the  re1 a t i onsh ip  between the two se ts  o f  UHF and S-band mu1 t i p i e  
beams. A sum3rv  o f  the  desigr, parameters i s  presented a t  t he  conc lus ion o f  
the  chapter. Various outputs  o f  t h i s  chaptcr,  such as determinat ion o f  the  
number o f  sate1 ;i t~ beams, serve as the i n p u t  t o  the  desiqn o f  t he  LHSS sa t -  
e l l i t e  which i s  the  sub jec t  o f  Chapter 3. 
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2.1 SYSTEK DESIGN REQUIREKNTS 
I n  order t o  develop the conceptual Jesign presented i n  t h i s  report, a set of 
general requirements had t o  be estcblished. While these requirements were 
self-imposed and somewhat arbi t rary,  an attempt was made t o  depict as c losely 
as possible, the requirements tha t  a m  l i k e l y  t c  be imposed on the actual 
system. The design presented i n  the following sections has been strongly 
influenced by the f o l l  owing requirements and suppositions. 
o Area t o  be Served: The LMSS w i  11 serve the Continental United 
States (CONUS). ifi CONUS, LMSS w i l l  provide service t o  non- 
metropolitan areas, i.e., sthurban and rural ,  tha t  are not now 
o r  are rtot l i k e l y  t o  be served by t e r res t r i a l  mobile radic- 
telephoiw service. It i s  expected that  urbdn areas w i l l  be 
served by t e r res t r i a l  ce l l u l a r  systems. 
o Time Frame: The system w i l l  operate i n  the 1995-2005 zime 
period. This requirement implies that  the space segment, i.e., 
MSAT, w i i l  have a 10-year 1 ifetime. 
o Capacity: The system w i l l  be designed t o  have su f f i c ien t  
capacity t o  serve a population ~f users equal t o  the capturabie 
market. For t h i s  study, the cagturable market i s  defined as 
the nunbsr o f  users u i ? l i n g  t o  subscribe t o  LMjS f o r  chdrges 
comparable t o  t h c t  o f  thz conventional mobile radio service. 
More on t h i s  topic w i l l  be discussed i n  Section 2.1 .l. 
o Type o f  -. Service: -- LMZS w i  11 provide duplex radiotelephone service. 
A subscriber t o  the LMSS service w i l l  be able t o  access any 
t e l  ephone confiected t o  the w i  re1 i ne network. Conversely, the 
mobile LMS5 user w i l l  be accessible from any telephone w i t h i n  the 
w i  re1 i ne  network regardless o f  tne cur ren t  l oca t i on  o f  the ~scbi? 2.
Addi t ional ly ,  any p a i r  of mobile users i n  the LMSS network w i l l  be 
able t o  communicate w i t h  each other. 
G - Cost Considerations: The LHSS w i l l  have user charges, inc lu . l i cg  
the !nobile equipment cost, comparable t o  s i m i l a r  costs and 
charges fo r  the cm2erc ia l  t e r r e s t r i a l  radiotelephone seiv ice.  
o Compatibi l i ty:  It i s  s t rongly desired t h a t  the L74SS system be as 
conpatib:e as possible w i t h  the planned c e l l  u l  a r  mobile telephone 
systems as t y p i f i e d  by 9 e l l  System's Advanced Hobi le Phone Servicc 
!A?IPS?. Thus, a subscriber can use the same equipment (3r w i t h  3s 
i i t t l e  61odi f i c a t i o n  as oossiSl?) f o r  both the t e r r e s t r i a l  and t9e 
s a t e l l  i t e  system. Thic fu r the r  ensures low-cost mobile eqtii p e n t  
through the economics o f  scale inherent i n  cel  l u l  a t  equipment. 
o Qua1 i ty:  The qua1 i t y  of  the voice channel i n  the LMSS should be 
- ~ p a r a b l e  ~i t h  the preseqt day to1 1 service. The c a l l  setup 
times and p r o b a b i l i t y  o f  a busy signal due t o  system capacity over- 
1 oad w i  1 1 be compatible w i  t h  si!ni 1 a r  rt 'qui rements f o r  the c e l l  u l  dr' 
sy s terns. 
Some o f  the  above cons t ra in ts  and ground ru les  have served t o  sharply reduce 
the  number o f  opt ions ava i lab le  f o r  t he  design o f  the  LMSS. As an example, 
an a1 1 d i g i t a l  system i s  r u l e d  out a t  t h i s  t ime due t o  the  c e l l u l a r  systems 
compa t ib i l i t y  constraint.  Such an a l l  d i g i t a l  system could be very appealing 
from a s a t e l l i t e  design standpoint. 
Add i t iona l ly ,  t h e  fo l low ing remark should be noted regarding the coverage re-  
quirement. Whereas the  design presented i n  t h i s  docunent considers CONUS as 
the  coverage arez, more than I i ke ly ,  the  u l t ima te  sate1 1 i t e  system w i l l  have 
t o  cover not only  CONUS but  Alaska and Hawaii as well. Other p o s s i b i l i t i e s  
inc lude an a l l  Northern American coverage h i c h  may make the most sense econmi 
ca;ly. However, i t  should be stated tha t  the  primary ob jec t i ve  o f  t h i s  system 
design has no t  been t o  design the  u l t ima te  operat ional system, bu t  ra the r  t o  
provide a focus f o r  the  various LMSS re la ted  technology development a c t i v i t i e s  
w i t h i n  J P L  and NASA, and t o  expose the  c r i t i c a l  technologies which requ i re  a 
long lead time. As such. i t  i s  f e l t  t ha t  a system w i th  only  CONUS coverage i s  
adequate t o  scope the challevges ahead. C r i t i c a l  technological b a r r i e r s  t o  
provide coverage t o  other areas i s  not expected. 
It must be fu r the r  noted tha t  t h i s  LMSS design has considered only  radio-  
telephone service. The actual operat ional system w i  11 of fer  a mix o f  se-vices 
inc lud ing  dispatch. The use o f  some o f  the channels i n  the dispatch mode w i l l  
p r imar i l y  increase the  nmber o f  users which can be accmodated by LMSS and 
make the service more a t t r a c t i v e  from the investors po in t  o f  view. More on 
t h i s  t ~ p i c  w i l l  be discussed l a t e r  i n  t h i s  Chapter. 
2.1.1 Market Requirement 
--- 
I n  order t o  determine the required system capacity f o r  the LMSS, the demand 
must be fcrecast f o r  suc!, a service a t  the time frame the  LMSS i s  t o  be 
offered. There were 91,000 t i lobi le rad io te lephone users i n  t h e  r u r a l  area i n  
t he  year  1960 [gef. 11. The q t ~ e s t i o n  a t  hand i s  what w i l l  t h e  s i z e  o f  t h e  
inarket t e  a t  t h e  t u r n  o f  t h e  cen tu ry  and what p o r t i o n  of t h i s  t o t a l  market 
i s  p o t e n t i a l l y  cap tu rab le  by t h e  LYSS. 
I n  recent  years a number o f  market s tud ies have attempted t o  answer t n i s  
ques t ion  [Ref. 21. The res r r l t s  a re  salewhat varied. NASA, through i ew i s  Re- 
search Center, has i n i t i z t e d  a con t rac t  i n  order  t o  a r r i v e  a t  a more d e f i n i t i v e  
answer t o  t $ i s  question. For t h e  purposes o f  t h e  conceptual design presented 
i n  t h i s  repor t ,  however, t h e  f o l  lowing two a r b i t r a r y  assu ip t ions  wer? rqaue. 
a) The f i r s t  generat ion LYSS w i l l  reach f u l l  c a p ~ c i t y  i n  
t h e  seventh year  o f  i t s  o p e r a t i ~ n  and operate a t  f u l l  
capac i t y  the l a s t  t h ree  years o f  i t s  15-year li f?. 
) The LMSS w i  11 be designed so t h a t  i t  has a capac i t y  
scff'::!'ently l a rge  as t o  accoimodate a l l  t h e  ca?turaSle 
market f o r  such a service.  
Asstiiniriy t k a t  t h e  ,?ISS corr;iences i t s  coi-n-let-cia1 opera t ion  i? 1.335, i t  w i l l  be 
i n  i t s  seventh y e a r  o f  opera t ion  i n  the  year  2001. Further,  assurling a 13 
percent dnnudl growth ra te ,  t he  :7arket f o r  ,nobi le rddiotelephones i n  the  ru t -d l  
area w ~ l l  increase fro13 ?i,000 i n  1980 t o  approxi inately 673,303 by the yel?,- 
2001. I f  i t  i s  r a the r  a r b i t r a r i l y  ass~aned t n a t  by t h d t  year  t h e  LYSS w i l l  
capture some 49 percent o f  t h i s  inarket, then based on d l 1  of the  s ta ted  
assuntptions, tfrc requ i red  capac i t y  o f  t he  LYSS ;n t e r ~ ~ s  o f  ,nobile r ad io -  
telephoae users must I)e approximziely 270,000. Accordingly,  t h e  design 
presented i r i  th i c ,  r epo r t  i s  s i ze1  t o  he ab le  t o  accomnodate 270,1100 r a d i o -  
telephone tlzers. Iiowever, i t  r~lll~t be noted t h a t  the percentage o f  the  
addressable market which can be captured by the LMSS i s a strong function of 
the monthly user's charge. Other NASA studies [Ref. 31 are addressing param 
etric relationships between the monthly charges and the demand for the LMSS 
service. 
2.2 IDENTIFICATION OF SYSTEM DESIGN PARAMETERS 
As i s  the ckse w i t h  any l a rge  complex system, the design o f  the LMSS involves 
a myriad o f  parameters w i t h  po ten t i a l  f o r  many t radeof fs  among them. The 
designer however, does not  have cont ro l  over the se lec t ion  o f  a l l  the param 
e ters  as some may be d ic ta ted  due t o  i n s t i t u t i o n a l  , regul atory, economical o r  
other  considerations. Thus, a t  the outset,  i t  i s  important t o  i a e n t i f y  the 
major design parmeters, i n  pa r t i cu la r ,  those over whSch the system designer 
has sane control .  I t  i s  t o  t h i s  end t h a t  t h i s  sect ion i s  wr i t ten.  
The two most important high-level requirenentr imposed on the design o f  the 
LMSS are the number o f  users t h a t  t h i s  system i s  t o  accmoda te  and the qua1 i t y  
of the service t h a t  i t  must provide. Most other design parameters w i l l  evolve 
from these two requirements. The fo l low ing nomenclature w i l l  be observed iil 
d i  scussi ng the design parameters: 
Total number o f  users served by the LMSS 
Number o f  beams 
?lumber o f  users served by beam 5 
Total number o f  duplex channel s provided by the LMSS 
Number o f  dupl ex channel s provided per beam 
Number o f  users whi:h can be accmodated per channel 
Tota l  a1 1 ocated bandwi n th  
Channel bandwidth 
Number o f  reusable frequency sub-bands 
Each parameter w i l l  be f u r t k r  c l a r i f i e d  as i t  i s  used i n  the tex t .  
The t o t a l  nunber o f  users served by the  ',MSS i s  given by 
where U denotes the  t o t a l  n m ~ e r  o f  users, N i s  t he  nunber o f  beans, and 3 
T B i  
denotes the nunber o f  users served by bean i. I t  has already been establ ished 
i n  Section 2.1 . I ,  t h a t  UT must be 270,000. Thus, t he  design parameters must be 
selected such t h a t  LMSS capaci ty  i n  terms o f  users s a t i s f i e s  t h i s  requi rment .  
The re la t i onsh ip  o f  the  various design parameters w i t h  UT i s  developed i n  the  
remainder o f  t h i s  section. 
Due t o  the curvature o f  the Earth, sate11 i t e  beams o f  uniform beanwidth cover 
geographical areas of unequal sizes. A beam aimed a t  southern Texas may cover 
h a l f  as much area as a s imi lar-s ized beam aimed a t  the  northeast corner o f  
CONUS. This, coupled w i t h  nonuniform d i s t r i b u t i o n  c f  :he LMSS users w i  t 9 i n  
the  U.S., i nd ica tes  t h a t  the nunber o f  users served by the  various beans, i.e., 
Us i n  Eq. (2 - I ) ,  are not a l l  equal. However, f o r  sake of s imp l i c i t y ,  the  i 
nunber o f  users w i th in  a l l  beams are assumed equal and the discussion o f  non- 
uniform user d i s t r i b u t i o n  i s  deferred t o  a l a t e r  study. Under the  assumption 
o f  uniform user d i s t r i bu t i on ,  Eq. (2-1) reduces t o  
C lear ly  then, t o  increase the capacity of the  LMSS, e i t h e r  N, the number o f  
beams, o r  Us, the number o f  users which can be served by a beam, must be 
increased. Each one o f  these two parmeters  i s  i n  t u r n  dependent on a number 
o f  ather  design parameters as discussed next. 
Number o f  Beams 
The number o f  beams t h a t  can be packed w i t h i n  a given coverage area i s  p r i n c i -  
p a l l y  dependent on the s ize  o f  the s a t e l l i t e  antenna. The greater  the  number 
of beams, the more user; can be served, b u t  i t  takes a l a rge r  s a t e l l i t e  antenna 
t o  do it. Figure 2-1 shows the approximate re la t i onsh ip  between the  number o f  
beams and the diameter o f  the  s a t e l l i t e  antenna. For example, 110 beams could 
be packed w i t h i n  CONUS w i t h  a s a t e l l i t e  antenna o f  about 60 m operat ing a t  
871 MHz.* 
Number o f  Users Served Per Beam 
The number o f  users served per beam, U i n  i t s e l f ,  i s  a funct ion o f  several 
B 
sarameters. L e t t i n g  C denote the  number o f  telephone channels provided 
B 
w i t h i n  a beam, and UC denote user-tc-chafinel r a t i o ,  i .e., the number o f  users 
which on the average can access a channel wi thout  exceeding an acceptable 
b l  ocki  ng probabi l  i ty**, one can w r i  te: 
Each o f  these two terms i s now examined i n  more d e t a i l .  
1 - Number o f  Channel s-Per-Beam 
The number o f  telephone channel s provided per beam i s  a func t ion  o f  three 
parameters. They are: 
* Note t h a t  the 871 MHz i s  the mid-band frequency f o r  the 10 MHz band used f o r  
the sate1 1 i te-to-mobile transmission. 
** The grade o f  service f o r  most telgphone systems i s  def ined i n  terms o f  
blocking p robab i l i t y ,  which i s  the p r o b a b i l i t y  t h a t  a subscriber attempting 
t o  d i a l  a number i s  confronted w i t h  a busy signal , i n d i c a t i n g  t h a t  a1 1 c i  r- 
cu i  t s  are busy. 
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2-1 1 
) Total  up1 ink  ( o r  downlink) bandwidth BT; 
i i )  Channel bandwidth B; and 
i i i )  The number of reusable frequency sub-bands R. 
Thi s 1 ast parameter needs fu r the r  explanation. I n  order t o  take advantage o f  
spa t i a l  d i v e r s i t y  provided by m u l t i p l e  beams, t h e  t o t a l  ava i lab le  bandwidth BT 
i s  pa r t i t i oned  i n t o  R sub-bands which are reused among the  mu1 t i  p l e  beams. As 
an example fo r  a 100-bean system, i f  B = 10 MHz and R = 4, then each beam w i l l  
T 
be assigned one o f  f o u r  2.5 MHz sub-bands w i t h  each sub-band being reused 25 
times i n  the  t o t a l  system. The net  e f f e c t  i s  25 t imes as many channels as 
w i th  no frequency reuse, o r  the  equivalent o f  having 25 times the  bandwidth. 
Summarizing then, the number o f  channels-per-beam, CB, can be w r i t t e n  as 
Equation (2-4) ind ica tes  t h a t  the  number o f  channel s-per-beam, and consequently 
the t o t a l  number o f  chancels i n  the system, can be increased by: increasing 
the avai lab le bandwidth B o r  decreasing the number o f  reusable frequency sub- 
T ' 
bands R,  o r  decreasing the channel bandwidth B. The fac tors  which a f f e c t  the 
select ion o f  these three parameters are now discussed. 
i - Total  Bandwidth 
The t o t a l  bandwidth a1 located f o r  t h i s  serv ice i s  a parameter outside the con- 
t r o l  o f  the system designer and w i l l  be decided based on regu la tory  issues. 
F o r  the purpose o f  'h is  study, i t  i s  assumed tha t  two 10 MHz bands, one each 
f o r  the up l ink  and downlink, w i l l  be made ava i lab le  i n  the  806-890 MHz band. 
ii - Channel Bandwidth 
Channel banduidth i s  p r i n c i p a l  1 y determf ned based on the modul a t i on  scheme 
used. One o f  the  self-imposed system const ra in ts  has been t o  maintain c lose 
compatibi l  i t y  w i t h  the  proposed c e l l u l a r  mobile system as t y p i f i e d  by  Be1 1 
System's Advanced Mobile Phone Service (AMPS). AMPS uses a narrczband FM 
modulation (NBFM) which employs a 2:l companding r a t i o  r e s u l t i n g  i n  a channel 
bandwidth o f  30 KHz. 
I n  add i t i on  t o  t h i s  compatibi l  i t y  constra int ,  the designer must se lec t  a 
modulation scheme which r e s u l t s  i n  "acceptable" voice q u a l i t y  as we1 1 as 
equipment which i s  no t  ove r l y  complex and therefore inexpensive. Above a1 1, 
however, w i t h  the  small bandwidth a1;ocated t o  t h i s  service, the designer can- 
no t  a f f o r d  t o  se lec t  a modulation method which i s  wasteful. It seems u n l i k e l y  
t h a t  by  the t u r n  o f  the century any band-l imited system, would be so wasteful  
as t o  use 30 KHz voice channels. Even a t  present, research i s  underway on 
modulation schemes su i tab le  f o r  voice w i t h  bandwidths o f  a few KHz. However, 
these modulation schemes may requi re re1 a t i  vel y complex receivers. As a com- 
prumise, t h s  design presented i n  t h i s  document assumes 15 KHz channel bandwidth. 
Envelope notmal ized FM i s  one example o f  a modulation scheme which r e s u l t s  i n  
15 KHz channel spacing. While i t s  use necessitates some modi f i ca t ion  t o  the  
AMPS mobile eq~ipment,  these modi f icat ions are no t  as extensive as tha t  which 
would have been necessary had a d i g i t a l  modulation been selected. More on 
modulation i s  discussed i n  Chapter 4. 
i I i - Number o f  Reusable Frequency Sub-bands 
Equation (2-4) po in t s  out  t h a t  the number of channels-per-beam increaser as the 
number of veusable frequency sub-bands, R, i s  decreased. Select ion cf 8, ss 
w i l l  be seen i n  Chapter 3, i s  p r i n c i p a l l y  determined based on the requi red 
i nterbeam i s o l a t i o n  and the character1 s t i c s  o f  the mu1 ti p i e  beam antenna. For 
a 10 MHz t o t a l  band and 15 KHz channel spacing, R = 4 r e s u l t s  i n  166 channel s/ 
beam, wh i le  R = 7 reduces t h i s  number t o  95. 
Figure 2-2 shows the parametric representat ion o f  Eq. (2-4) f o r  the various 
combioations o f  the three parameters i n  the equation. 
As w i l l  be discussed i n  Section 3.4 and Appendix C, a 4-frequency reuse p lan  
resu! t s  i n  an acceptable interbeam i s o l a t i o n  only  i f  the system employs both 
senses o f  an orthogonal polar izat ion.  This r e s u l t s  i n  a plan w i th  an e i g h t  
d i v e r s i t y  ( 4  frequency x 2 po la r iza t ion) .  However, i n  a system which operates 
on one sense o f  polar izat ion,  a 7-, ra the r  than a 4-frequency reuse p lan w i l l  
be necessary t o  achieve adequate interbeam i so la t i on .  
The satel  1 i t e  design presented i n  Chapter 3 uses a s ing le  po la r i za t i on  i n  con- 
junc t ion  w i t h  a 7 - r  ;able frequency set. An a1 te rna t i ve  system w i  t h  dual 
po la r i za t i on  i s  presented i n  Append'x C. The ra t i ona le  f o r  using s ing le  
po la r i za t i on  i n  the base1 i ne  has been the lack of experimental resu l ts ,  
i nd i ca t i ng  t h a t  the type o f  feed elements used i n  the design can produce the 
low leve l s  o f  cross-polar izat ion which are needed f o r  a dual-polar ized system. 
More de ta i l  appears i n  Section 7.5. 
Based on the above ra t iona le ,  the basel ine design uses 15 KHz channel s and a 7 -  
frequency reuse plan, which when coupled w i t h  the assumption o f  10 MHz band- 
w i  d th a1 1 ocat i  on (one way) , resul t s  i n  95 channel s-per-beam. 
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2 - User-To-Channel R a t i o  
-
Having discussed t he  parameter Cg, t ' l e  a t t e n t i o n  i s  now turned t o  t h e  second 
term o f  Eq. (2-3) ,  namely UC, which denotes user-to-channel r a t i o .  T y p i c a l l y  
d u r i c g  a 24-hour pe-iod, t h e  demand f o r  telephone usage va r i es  from some low 
l e v e l  du r ing  t h e  n i g h t  t o  a peak value sometime dur ing  t h d  day. The c o n t i n ~ g u s  
one-hour per iod  which e x h i b i t s  t h d  maximum average t r a f f i c  i n t e n s i t y  i s  c a l l e d  
t h e  busy hour. The average t r a f f i c  generated per subscr iber  du;-ing t h i s  one- 
hour per iod must be determined o r  est imated be fo re  des ign ing a telephone 
system. 
The l e v e l  o f  generated t r a f f i c  i s  a f u n c t i o n  o f  t h e  te lephoning h a b i t  o f  t h e  
user population. Some s t a t i s t i c a l  i n fo rmat ion  on average offered t r a f f i c  i s  
a v a i l a b l e  from the  telephone companies, bu t  they may not  apply t o  t he  users 
o f  t h e  LMSS. I n  t he  absence o f  any o the r  in fo rmat ion  a t  t h i s  time, t i l e  work 
done i n  t h i s  document r e1  i e s  on p rev jous ly  pub1 ished data, [Ref. 41,  and 
assumes t h a t  t h i s  t r a f f i c  i s  equal t o  0.026 Crlangs, where t h e  Er lang i s  t he  
i n t e r n a t i o n a l  dimension1 ess measure o f  t r a f f i c  i n t e n s i t y .  Th is  est imate,  
however, app l ies  t o  t h e  radiotelephone serv ice  i n  an urban area; f u r t h e r  work 
i s requ i red  t o  model the  telephone t r a f f i c  generated by t h e  users o f  t h e  LMSS. 
Now i t  remains t o  est imate how many users o f f e r i r l g  on t he  average 0.026 Erlangs 
of telephone t r a f f i c  can be accommodated by an LMSS bean having 95 channels 
where t h e  95 cha:inels a l l oca ted  t o  a beam are p o l e d  and assigned, on demand, 
t o  the  users o f  t h a t  beam. The t r a f f i c  handl ing c a p a b i l i t y  o f  these many 
pooled ( o r  trunked) channels i s  dependent on t h e  requ i red  grade ~f service.  A 
measure used t o  de f i ne  t he  grade o f  se r v i ce  i s  t h e  b lock i r ig  p r o b a b i l i t y ,  de f ined  
2s t h ~  p r o b a b i l i t y  t h a t  a use r ' s  request f o r  a channel i s  denied becau;e a1 1 
channel s are occupied. F igure 2-3 p l o t s  the average t r a f f i c  hand1 i n g  capacity 
o f  a channel as a func t ion  o f  the t o t a l  nwber  o f  channels w i t h i n  the trunk, 
f o r  several values o f  b lock ing probabi l  i ty. This  capacity, o r  channel load- 
i n g  as i t  i s  nonnally ca l led,  i s  ca lcu lated based on the  Erlang B f o m l  a 
conmonly used i n  the f i e 1  d o f  telephone canmunication. 
From l i g .  2-3, f o r  a blocking probab ,l i t y  o f  2 percent and a trunk o f  95 
channel s, the channel loading i s  0.875 E r l  angs. D iv id ing  the channel 1 oading 
of C.875 Erlangs by the avc.age o f fe red  t r a f f i c  o f  0.026 Erlangs per user, one 
a r r i v e s  a t  an average r a t i o  o f  33 users-per-channel. Thus, each beam w i t h  95 
channel s can accomnodate approxirnateiy 95 x 33 = 3,135 users. 
The Reauired Nunber o f  Beams 
Combining Eqs. (2-2) and (2-3) resu l t s  i n  
U = N - C  - U  
T B C 
where N i s  the nuinfer o f  s a t e l l i t e  beams, C i s  the number o f  channels-per-beam 
6 
and U i s  the user-to-channel r a t i o .  Havfng calculated both C (95) and U (33), 
C 0 C 
Eq. 12-51 i s  now used LO determine the number of sate1 1 i t e  beams required, so 
t h a t  U the t o t a l  user served by LMSS, i s  equal t o  270,COO. Using these 
T ' 
numbers i n  Eq. (2-5) resu l t s  i n  86.1 beams, which i s  rounded up t o  87 beams. 
Accordingly, the design i n  t h i s  document employs 87 UHF beams covering CONUS 
and prov id ing 95 channels-per-beam f o r  a t o t a l  of 8,265 channels i n  t!!e system. 
(For a sumnarv o f  the L M 3  design parameter see Section 2.8.) 
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2.3 A GUIDELINE FOR A SYSTEMATIC DESIGN PROCEDURE 
The parameters f o r  the  design c f  t he  LMSS communication network were i d e n t i f i e d  
i n  the l a s t  section. I n  a design process, the  se lec t ion  o f  proper values f o r  
these parameters, such t h a t  a se t  of funct ional  requirements i s  sa t i s f i ed ,  may 
invo lve  several i te ra t ions .  A guide1 i n e  i s  presented i n  t h i s  sect ion for a 
systematic procedure i n  designing the  LMSS communication network. 
It can be argued t h a t  the major step i n  designing an LMSS network i s  the deter- 
minat ion o f  the reqbi red nunber o f  beams. Accordingly, the  procedure presented 
here s t a r t s  w i t h  a s e t  o f  funct ional  reqcirements and ends w i t h  the  requi red 
number o f  beams which, i~ some sense, ind ica tes  the  s ize  o f  t h e  LMSS network. 
F igure 2-4 shows the f lowchart  o f  the design process. Boxes t o  the l e f t  o f  
the dzshed l i n e  conta in those parameters which es tab l i sh  funct ional  requi re-  
ments o f  the system. It i s  assumed tha t  the designer has no cont ro l  over 
these parameters as they w i l l  be d i c ta ted  by various regulatory, i n s t i t u t i o q a l ,  
o r  economical constraints.  The fl w c h a r t  i s  faf  r l y  sel  f -expl anatory, as i t  
graphical ly  sbows the interdependence betweec the parameters which have already 
been explained i n  the l a s t  section. 
Inspect ion o f  Fig. 2-4 po in t s  out  t ha t  tw9 pieces o f  in format ion are needed 
by the MSAT antenna SF designer i n  orcier t o  determine the nti~zber o f  reusable 
frequency sub-bznds. They are the beam i s o l a t i o n  requirement, a114 the number 
o f  beams. Thus, mare than one iteration o f  the design procedure i s  necessary 
because the output of the procedure, nanely the number o f  beams, i s  needed 
dur ing the procedure i n  order t o  continue. One way o f  resolv ing t h i s  dilemma 
i s  t o  i n i t i a l l y  assume a v a l v e  f o r  R and proceed t o  determine the number o f  

beams i n  accordance wi th  the process out1 ined i n  Fig. 2-4. Subsequently, 
through the MSAT antenna design, the value for  R i s  refined which i n  tu rn  may 
require other passes through the design procedure o f  Fig. 2-4. The i n i t i a l  
value for R can reasonably be bounded. The minimum value for R i s  three (so 
t ha t  no adjacent beans are assigned the same frequency sub-band), and f o r  most 
pract ical  systems, seven may represent a reasonable upper bound f o r  R. 
2.4 THE WLTIPLE UHF BEAM LAYOUT 
F igure  2-5 shows t he  87 UHF beam layou t  f o r  the  design presented i n  t h i s  
document. The c i r c l e s  i n d i c a t e  the  f o o t p r i ~ t ,  o r  t he  coverage area o f  each 
beam, w i t h  t he  s a t e l i  i t e  loca ted  a t  110' W long i tude.  
The reason the  f o o t p r i n t s  o f  a l l  t h e  87 UHF beams i n  Fig. 2-5 are shqwn as 
c i r c l e s  i s  t h a t  the map i s  a p o l a r  perspect ive map; namely, the f i g u r e  show; 
the CONUS out1 i n e  and t he  beam p r3 jec t i ons  as viewed from the s a t e l l i t e .  
However, the  c i r c u l a r  f o o t p r i n t s  as shown may be somewhat misleading. Due t o  
the curvature o f  t he  Earth, the  actua l  gecgraphical area on Ear th  covered by 
a beam has a c i r c u l a r  boundary on ly  f o r  a beam a t  the  s u b s a t e l l i t e  p o i n t  ( i  .e., 
a t  the  Fquator j u s t  beneath the s a t e l l i t e ! .  As the  beam moves away from the  
s u b s a t e l l i t e  p o i ~ t  toward the Nor th  ( o r  Scuth) Pole, the  area boundary b e c a ~ e s  
e l l i p t i c a l .  As an i n d i c a t i o n  o f  t he  r e l a t i v e  area size, cons ider  beams 46, 43, 
and 86 i n  Fig. 2-5. The area covered b ~ -  each o f  these beams i s  apprcxirnately 
equal t o  82,000, 98,000, 192,000 km2 respect ivel) .  tdoto t h a t  beam 86 covers 
roughly 2.3 t imes as much area as beam 46. Beam 43 a t  the  cen te r  o f  t h e  
coverage area covers an equiva lent  c i r c u l a r  area w i t h  a rad ius  o f  about 177 km 
(110 mi ) .  

2.5 THE BACKHAUL DESIGN 
A complete duplex channel i n  a l and  mobi le sate1 l i t e  i s  made up o f  t he  forward 
channel, i .e., base s ta t ion- to-mobi le  and t he  reverse channel, i .e., mobile- 
to-base s ta t ion .  Each one o f  these two channels i s  made up o f  two segments as 
shown below (see Chapter 1, Fig. 1-4): 
a) Base s ta t ion- to-mobi le  cotjsi s t s  o f :  
i j Base s ta t ion- to-sate1 1 i t e  (us ing  S-band 2655-2690 MHz) 
i i ) Sa t e l l  i te-  to-mobil e (us ing  UHF 866-876 MHz) 
b)  Mobil e-to-base s t a t i o n  cons i s t s  o f :  
i )  M o b i l e - t o - s a t e l l i t e  (us ing  UHF 821-831 MHz) 
i i ) Sa te l l  i te-to-base s t a t i o n  (us ing  S-band 2550-2585 MHz) 
A t y p i c a l  c a l l  may o r i g i n a t e  from a phone w i t h i n  the w i  re1 i n e  network and be 
dest ined f o r  a mobi le phone w i t h i n  t he  LMSS network. The cal i i s  rou ted  v i a  
land  1 i n e  from the f i x e d  phone t o  an LYSS base s t a t i o n  where i t  i s  re layed  t o  
the s a t e l l i t e  over the  S-band backhaul l i n k .  The c a l l  i s  then turned around 
by the sate1 1 i t e  and re1 ayed t o  the mobi le phone us i  ng the UHF 1 ink  ( see 
F ig .  1 - 4 ) .  
Assuming 15 KHz bandwidth, the  8,265 LMSS vo ice  channels r c q u i r e  an a1 l o c a t i o n  
o f  125 MHz i n  the  S-band f o r  one way transmission o r  tw i ce  t h a t  much f o r  duplex 
channels. However, i f  on ly  rk :~  35 MHz bands, one each f o r  up l i nk  and down1 ink,  
are assumed avai 1 able, a mu1 ti p l  e beam S-band antenna i s necessary t o  enable 
the reuse o f  the a l l oca ted  spectrum. 
Since th ree  and a ha1 f t imes more bandwidth i s  a v a i l a b l e  i n  the S-band than 
UHF, i t  i s  poss ib le  t o  design a system where a s i n g l e  S-band beam can 
a c c m o d a t e  many channels corresponding t o  a c l u s t e r  o f  UHF beams. This 
imp1 i e s  t h a t  the S-band would have considerably fewer beams than the UHF. A 
fewer number o f  beams a1 so imp1 i e s  a fewer nunber of cochannel i n t e r f e r i n g  
beams ! i .e., beams operat ing on the same frequency band). Thus, i t  i s con- 
ceivable t h a t  f o r  the S-band, a frequency p lan w i t h  four reusable sub-bands 
(i.e., R = 4 )  wouid provide the same interbeam i s o l a t i o n  as t h a t  achieved f o r  
the UHF beams w i t h  the R = 7. 
F igure 3-6 sho~rs one opt ion  f o r  grouping the UHF beams i n  small c l us te rs  and 
assigning a base s ta t i on  t o  serve each c luster .  As shown i n  t h i s  f igure,  most 
c lus te rs  conta in four  UHF beams except f o r  beams c lose t o  the geographical 
boundaries where a natura l  grouping o f  four does not  ex is t .  With t h i s  plan, 
there are 25 base s ta t ions  each serving 1, 3, o r  4 UHF beams. 
The S-band m u l t i p l e  beam antenna should be designed such t h a t  each beam covers 
one o f  the base stat ions. Figure 2-7 shows the beam layout  fo r  one such de- 
sign. The S-band antenna used i s  a 10-m d ish  prov id ing  25 beams o f  0.9 degrees 
beanmidth. The d e t a i l s  of  the S-band antenna design w i l l  be presented i n  
Section 3.6. 
Figure 2-8 shows the superimposit ion o f  the UHF and S-band beams along w i t h  
the 25 base stat ions. It i s  important t o  note t h a t  i t  i s  not  necessary f o r  an 
S-band beam t o  completely cover the continuous area represented by the c lus te r  
of UHF beams i t  serves. The S-band beams need on l y  provide coverage f o r  the 25 
d isc re te  po in ts  represented by the base stat ions.  
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2.6 - CALL SETUP AND ROUTING PROCEDURE 
I n  t h i s  section, t h e  c a l l  setup procedure i s  b r i e f l y  addressed. C a l l  setups 
a re  categor ized i n t o  t he  f o l l o w i n g  types: 
i )  The c a l l e r  uses a phone which i s  w i t h i n  the  wi re1 i n e  network; 
t h e  c a l l e d  pa r t y  i s  mobile. This t ype  of c a l l  w i l l  be r e f e r r e d  
t o  as "Fixed-to-Mobile." 
i i) The c a l l e r  i s  mobi le  and t he  c a l l e d  p a r t y  has a phone w i t h i n  
t he  wi re1 i ne  network. This t ype  of  c a l l  w i l l  be r e f e r r e d  t o  
as "Mobi le- to-Fi  xed." 
i i i )  Both t he  c a l l e r  and th? c a l l e d  pa r t y  a re  mobile. The 
nomenclature f o r  t h i s  t ype  o f  c a l l  w i  11 be "Mobile-to-Mobi le." 
Eefore d iscuss ing  c a l l  setups, some d e f i n i t i o n s  a re  necessary. A channel i s  
def ined t o  be e i t h e r  a voice channel o r  a c o n t r o l  channel. A voice channel, 
as the name imp1 ies ,  i s  used as a regu la r  telephone channel. A c o n t r o l  
channel, on t he  o ther  hand, i s  used f o r  s e t t i n g  up 8 c a l l .  Each UHF and 
S-band beam w i l l  have a breassigned number o f  voice and con t ro l  channels. 
For t h e  design presented i n  t h i s  chapter, a UHF beam has 95 channels o f  which 
t h e  ma jo r i t y ,  perhaps 93 o r  94, are  voice channels w i t h  t h e  remaining few 
being c o r t r o l  channels. The number of channels i n  an S-band beam var ies,  
depending or: t he  lumber o f  UHF beams i t  serves. For the  design of Sect ion 2.5, 
assuming a l l  UHF beams have 35 channels, an S-band beam may have up t o  380 
channels. 
A c o ~ t r 9 l  channel i s  def ined t o  be e i t h e r  a page channel o r  an access channel. 
A paging channel i s  alwdys i n  the forward d i rec t ion ,  i.e., from the  base 
stat ion-to-mobi l  e (Fig. 2-9). Two types o f  i nfonnati  on are provided through 
a paging channel : 
1 )  Paging information, i .e., t he  address o f  a mobi le telephone 
which i s  taken t o  be a 10 -d ig i t  decimal phme number. Paging 
i s  used t o  a l e r t  a mobile phone o f  an upcoming c a l l .  
2) Information about t he  base s t a t i o n  which or ig ina tes  the  paging 
(i .e., overhead messzges) . 
The accesschannel which i s  always i n  the  reve rsed i rec t i on ,  i.e., fr 11 ' l e  
t o  the  base stat ion,  a lso  ca r r i es  two types o f  information: 
1) The address o f  the c a l l e d  par ty  (i.e., i t s  phone number); and 
2) The phone nunber o f  the  ca l l e r .  
Locat ing A Mobi 1 e Telephone 
A mobile LMSS subzcriber i s  n a t u r a l l y  allowed t o  roam w i t h i n  the e n t i r e  cover- 
age area. Thus, anytime tha t  a mobile phone i s  t o  be cal led,  i t  must f i r s t  be 
1 ocated. The procedure i s  described be1 ow. 
An LMSS user i s  expected t o  use h i s  phone nominally i n  a given area ar~d t o  
leave t h i s  area occusional ly. Thus, a subscr iber 's  phone w i  11 be reg is te red 
w i th  the  base s ta t i on  which provides ccverage for  the area where the user i s  
nominal l y  expected t o  be. This s t a t i o n  w i  11 be designated the home base 
s t a t i o n  f o r  the mobile telephone. 
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Figure 2-9. The Page and the Access Channels in the LMSS Network 
However, s ince the user w i l l  solnetines be outs ide h i s  "iron2 arca," any t ime he 
energizes $ i s  t e l e p h o ~ e  set, i.e., tu rns  the power on, the mobile u n i t  must 
se l f - loca te  i t c e l f .  The se l f - l oca t i on  i s  done i n  the fo l low ing manner. A 
mobile phcne i s  equipped w i t h  a frequent-v synthesizer capable o f  tun ing  t o  a l l  
the LMSS channels. As an example, f o r  tm, !O HHz UHF bands and the 15 KHz 
channel Sandwidth, bMSS w i l l  have a t o t a l  o f  665 d i s t i n c t  duplex channels which 
are grouped i n  seven sets o f  95 channels and are a l loca ted  t o  the 87 UiiF beams 
i n  accordance w i t h  the frequency reuse plan. 
A m a l l  po r t i on  o f  each set, naybe three channels, i s  se t  aside f o r  cont ro l  
chann2l s ui th  each duplex cor!trol channel be i  n? comprised of two ha! f channel s, 
i .e., t he  ?aging and access ct~annels. .9 mobile telephone w i l l  be orepro- 
grarmed such t h a t  aqytime i t  i s  eneraized, i t  a u t m t i c a l l y  scans a l l  the 
ragin9 channels wbicn or iq ina te  from the various base s ta t ions  and selects the 
s-ironaest one. It thea decodes the overhead message t o  f i n d  which base 
s t a t i o n  i s  c lose by. I f  i t  rezcgnizes tke Rase s t a t i o n  t o  oe the "haw" base 
stat ion,  i t  does not  need t o  take any actiora. However, if i t  f inds the 
strangest paging s isnal  t o  cme from any base s t a t i o n  other than the home base 
stat ion,  i t  recoanizes t h a t  the subscriber must have roamed out  o f  h i s  home 
area and i t  w i l l  automatical ly inform the system of the new iocat ion.  
Each base s t a t i o n  can he exaected t o  have a memorj--keeping track o f  i t s  sub- 
scr ibers. A base s ta t i on  may keen three 1 i s t s .  Thc f i r s t  1 i s t  contains the 
addresses o f  a1 1 gsers ( i .e., t h e i r  telephane numbers), who have reg i  stered w i t h  
the base s t a t i o n  and are cur ren t ly  w i t h i n  the "home" coverage area. Since a 
base s t a t i o n  may have up t o  380 voice channels, assuming a 33 t o  1 r a t i o  o f  
users-to-channels, each base s ta t i on  may serve UP t o  12,000 u;ers. I n  a second 
l i s t ,  the  base s ta t i on  w i l l  keep the l oca t ion  o f  a l l  i t s  users which have roaned 
ou t  o f  the  hone area. I n  the design given i n  Sectioc 2.5, i f  a mobile i s  no t  i n  
the home area, i t  may be i n  the area covered by any one o f  the other  24 base 
stations. F ina l l y ,  a t h i r d  1 i s t  may contain the i d e n t i f i c a t i o ~  o f  a l l  v i s f t i n g  
mobiles w i t h i n  the area. With t h i s  background, the procedure f o r  se t t i ng  up 
the various types of c a l l s  i d e n t i f i e d  e a r l i e r  i s  now described f o r  each o f  the 
three categories. Refer t o  Fig. 1-4 f o r  the fo l lowing discussion. 
a - Fixed-To-Mobile Ca l l  Set@ 
1 )  The Fixed phone's request i s  routed t o  the horns base s t a t i o n  o f  the 
c a l l  ed mobile par ty  through the t e r r e s t r i a l  w i  re1 i n e  network. Note 
t h a t  each base s ta t i on  is connected t o  the w i re l i ne  network by a 
standard access trunk. 
2) The base s ta t i on  checks i t s  memory t o  see i f  the mobile i s  cu r ren t l y  
w i t h i n  i t s  home area. I f  i t  i s ,  i t  uses a paging chanael and a paging 
message w i l l  be broadcast i n  one o f  the four UiF beams associated w i t h  
t h i s  base s ta t i on  and where the mobile i s  located. 
3 )  I f  the base s ta t i on  finds t h a t  the mobile has l e f t  the home area, then 
i t  checks i t s  nenory f o r  the  current  l oca t ion  o f  the roamer, and using 
a t e r r e s t r i a l  l i n e ,  f t  passes the reauest t o  the base s ta t i on  which 
provides service f o r  the area where the mobile i s  cu r ren t l y  located. 
This l a t t e r  base s ta t i on  can n w  page the mobile i n  accordance w i t h  
steo 2 above. 
4) The m b i l  e uni t ,  which continuously monitors the paging channel s o f  
the area i t  i s  in, recognizes i t s  page and seizes an access channel and 
acknowl edges the page. 
5 )  Tne base stat ior i  thert checks i t s  2001 o f  avai lable voice channels f o r  
assiginnents o f  frequencies. Note, t ha t  i f  a base s ta t ion i s  serving 
four UHF beams, then i t m s t  have focr  separate pools o f  channels, one 
each for the four beams. Having selected a p a i r  o f  duplex channels, the 
base s ta t ion informs the mobile ph~ne  o f  the UHF channel select ion and 
clzars the nay f o r  the conversatisn t o  begin. 
6 )  The mobile phone r ings and the c a l l  i s  on i t s  way.* 
A pa in t  t o  note here i s  t ha t  regardless o f  the re l a t i ve  locations o f  the  f i xed  
and the mobile phones, i-e., wbether they are both i n  the same UHF beam o r  not, 
the c a l l  en ta i l  s only one sa te l l  its hop and no switching i s  needed on the 
sa te l l i t e .  This l a t t e r  statement i s  t rue only i f  the interconnection between 
the base s ta t ion i s  provided through the t e r res t r i a l  network. Interconnection 
through the s a t e l l i t e  i s  discrassed bet%. 
Consider a c a l l  o r ig inat ing from a f ixed phone i n  New York and destined f o r  
a mobile subscriber on the West Coast. Based on the procedcre described above, 
the c a l l  i s  routed v ia  land l i n e  t o  a base s ta t ion  on the West Coast, where i t  
i s  relayed t o  the sate1 1 i te  and i s  beamed back t o  the mabile telephone. This 
c lea r l y  seems i n e f f i c i e n t  because i t  a t a i l s  a long distance land c a l l  ( i  .e., 
East Coast t o  West Coast) i n  addit ion t o  the sate1 i f t e  hop. This i s  necessary 
* Some deta i l s  have been omitted here. Only steps pecul iar  t o  the LMSS ate 
discussed. Steps which are ident ical  o r  s imi l  i a r  t o  e i the r  the AMPS c a l l  
setup o r  regular wire1 ine network c a l l  setup have not  been discussed. 
i f  each S-band beam i s  interconnected through the s a t e l l i t e  transponder on ly  
t o  the four  UHF beams i t  serves. A1 te rna t ive ly ,  if any S-band bean could be 
interconnected t o  any UHF beam ( v i a  on-board switching) then the above c a l l  
could be s i m p l i f i e d  i n  tne fo l low ing way. The c a l l e r  i n  New York goes through 
a l oca l  base stat ion;  tne  c a l l  i s  relayed t o  the s a t e l l i t e  through an S-band 
beam serviqg the  East Coast; the  c a l l  i s  routed through the s a t e l l i t e  switch 
t o  the UHF beam on the West Coast where the mobile i s  located. This way the 
long distance land 1 i n e  c a l l  from coast t o  coast i s  e l iminated and the  c a l l  
s t i i  1 involves only  one sate1 1 i t e  hoo. 
b - Mobile-To-Fixed C a l l  Setuo 
1) The mobile phone sel f - locates i t s e l f  i n  the on-hook s ta te  even i f  
the user i s  no t  attempting t o  place a c a l l .  The sel f - l oca t i on  was 
prev iously  d i  scussed. 
2 )  When a t t m p t i n g  a c a l l ,  i.e., when the subscriber l i f t s  the receiver,  
the mobile phone seizes an access channel and informs the cognizant 
base s t a t i o n  of the request. 
3 )  The base s t a t i o n  selects a UHF duplex channel from the p o ~ l  of 
ava i l  able channel s belonging t o  the bean where the car  i s  located 
and usinq the paging chanqel informs the mobile u n i t ' s  frequency 
synthesizer t o  tune i n  t o  the proper transmission and recept ion 
channel s. 
4 )  Para l l e l  w i t h  step 3, the base stat ion,  t h r o u ~ h  i t s  i n te r face  w i t h  
the t e r r e s t r i a l  network, a l e r t s  the f i xed  phone and a lso sets up the 
S-band d1~p1 ex channel s. 
I n  d i a l i ng  the desired number, the mobile might use the so-called "preorigina- 
t ion' dial ing. I n  t h i s  method, the user f i r s t  inputs the number i n t o  a 
register .  Af ter  checking the display t o  insure the number i s  correct, he 
pushes a button t o  i n i t i a t e  the ca l l .  The reason f o r  preor ig inat ion d i a l  i ng  
i s  t o  reduce the load on the access channel. Note, t ha t  a1 1 the users w i th in  
a given UHF beam compete f o r  the seizure o f  the access channel (s). Thus, a1 1 
the misdialings and a l l  the pauses between d ia l i ng  d i g i t s  contr ibute t o  the 
load of the access channel. The required nunlber of access channels for  a beam 
depends on the number o f  users wi th in  the beam. This issue requires fur ther  
study and i s  not addressed here. 
c - Mobile-To-Mobile Cal l  S e t u ~  
1 ) The mobile sel f-locates i t s e l f  as discussed before. 
2) The mobile seizes an access channel and requests a c a l l  setup 
through the loca l  base station. 
3! The base s ta t ion checks i t s  memory t o  see i f  the ca l led mobile i s  
w i th in  i t s  jur isdict ion.  I f  i t  i s  not, the base s ta t ion forwards 
the c a l l  request, through the t e r res t r i a l  network which interconnects 
the base stations, t o  the proper base station. 
4 )  The second base s ta t ion pages the mobile and proceeds i n  the manner 
iescribed before. 
Ngte, t ha t  under t h i s  setup a mabile-to-mobile c a l l  uses two sate11 i t e  hops. 
The route f o r  t h i s  c a l l  can be divided i n t o  three segments: 1) mobile c a l l e r  
t o  i t s  base station, 2 )  base s ta t ion of the ca l l e r  t o  the base s ta t ion of the 
ca l led party, and 3 )  base s ta t ion of the ca l led party t o  the ca l led mobile. 
The f i r s t  and t h i r d  segme~t invol1:e s a t e l l i t e  hops while the second path i s  
v ia  land l i n e .  If sa#.?l l i te  switching i s  provided, the second segnent can 
be e l  irninated. 
2.7 SYSTEM ARCHITECTURE TRADEOFF 
Sect ion 2.5 presented a design f o r  the mu1 t i p l e  S-band beams provid ing com- 
munication between 25 base s ta t ions  and the s a t e l l i t e .  There i s  one drawback 
t o  the proposed conf igurat ion. Consider a c lus te r  o f  four  UHF beams being 
served by a s inq le  base s t a t i o n  as depicted i n  Fig. 2-lr)(a). A c a l l  o ra ina t ing  
from a ohone w i th in  the wire1 i n e  network i s  routed t o  a base s t a t i o n  before 
goinq over the s a t e l l i t e  and down t o  the  mobile receiver. From t h i c  f igure,  i t  
can be seen t h a t  regardless o f  how c lose t3e f i xed  telephone i s  t o  the mobile 
receiver,  the c a l l  i s  f i r s t  routed t o  a cont ro l  base s t a t i o n  which could he 
s u f f i c i e n t l y  f a r  away from the p o i n t  o f  c a l l  o r i g i n a t i o n  so as t o  t u r n  what 
could have been a shor t  distance phone c a l l  i n t o  a long distance one. The 
user charges fo r  t h i s  type of pnone c a l l  may be more than what the market 
might accept. 
This problem can be somewhat mi t iga ted  by increasing the number o f  base sta- 
t ions  w i t h i n  each S-band beam. Figure 2-10(b) shows the case where a bas? 
s t a t i o n  i s  located w i t h i n  each o f  the four UHF beams. Note however, t h a t  
since the base s ta t ions  ~rlust communicate w i t h  the s a t e l l i t e  through the S-band 
beams, the four s ta t ions  must be arranged such t h a t  they are w i t h i n  the S-band 
beam foo tp r i n t .  
I n  the eventual system design, t5ere w i l l  prohably be a t radeof f  between the 
cap i ta l  and operat ing cos t  o f  the base s ta t ions  on the  one hand and the average 
cost o f  p lac ing a c a l l  on the other. Since the user w i l l  end up paying tbe 
cost  i n  e i t h e r  case, d i r e c t l y  o r  i n d i r e c t l y ,  the number o f  base s ta t jons  should 
be optimized f o r  the minimum user cost. 
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Because o f  the above argument, the design presented i n  t h i s  repor t  i s  aimed 
a t  leaving the opt ion  open f o r  increasing the number o f  base s ta t ions  i n  the  
system. Referring t o  Fig. 2-8, note tha t  i n  each c lus ter ,  i t  i s  possible 
t o  place a base s ta t i on  i n  each UHF beam i n  such a manner t h a t  a l l  the  base 
s ta t ions  are covered w i th  an S-band beam. ;he only exceptions are the two 
UHF beam a t  the t i p  o f  F lo r ida  and Texas. 
2.8 LMSS SYSTEM DESIGN SUMMARY 
Summarizing the LMSS system design presented i n  t h i s  section, t he  system has 
a la rge  UHF antenna producing 87 UHF bed?!s cnvering CONUS. Addi t ional ly ,  there 
i s  an S-band antenna producing 25 beams covering 25 base stat ions. Each base 
s t a t i o n  services an area equivalent t o  t h a t  covered by a c l u s t e r  o f  UHF b,xams 
w i t h  1, 3, o r  4 beams-per-cluster. Two 10 MHz bands i n  t he  UHF and two 35 MHz 
bands i n  t he  S-band are assumed ava i lab le  f o r  t h i s  service. The 10 MHz bands 
are reused among the UHF beams i n  accordance w i t h  a 7-frequency reuse pat te rn  
whi le  the  35 MHz bands are reused among t h e  $-@and beams using a 4-frequency 
reuse pattern. Only one c i r c u l  a r  po la r i za t i on  sense i s used. (An a l t e r n a t i v e  
system based on po la r i za t i on  d i v e r s i t y  i s  presented i n  Appendix C. ) The voice 
channels are 15 KHz wide as a r e s u l t  o f  employing narrow band FM modulation 
which requi res minimal mod i f i ca t  ion t o  the mobile equipment o f  the  proposed 
c e l l u l a r  system. There are 95 voice channels-per-UHF beams resui t i n g  i n  8,265 
t o t a l  channels. Assuning a 2 percent blocking probab i l i t y ,  i t  i s  envisicned 
t h a t  the  r a t i o  o f  users served t o  ava i lab le  channels w i l l  be 33 r e s u l t i n g  i n  a 
system capacity of 270,000 users. 
The underlying assumption i s  t h a t  the  average generated t raf f ic-per-user-per-  
busy hour i s  0.026 Erlangs. Table 2-1 summarizes the sa l i en t  features o f  t h e  
LMSS design. The d e t a i l  descr ip t ion  o f  t he  space segment f o r  t h i s  system i s  
presented i n  Chapter 3. 
Tab1 e 2-1. Sal i e n t  Features o f  the LMSS Design 
I 
I I - Given Parameters 
I 
I o User Capacity (radiotelephone only) 270,000 1 
I I 
I o Coverage area 
I 
I o Total bandwidth 
I 
I 
I o Grade o f  service 
I 
I 
I o Average telephone t r a f f i c -  
! per-user dur ing busy hour 
I 
I o Other cons t ra in ts  
I 
I 
I 1 - Derived Parameters 
I 
I o UHF beams 
I 
I - Number o f  beams 
I 
i - Number o f  reusable sub-bands 
I 
- Number o f  channel s-per-beam 
- Pol a r i z a t i o n  
- Po la r i za t i on  d i v e r s i t y  
o S-band bear~~s f backhaul ) 
- Number o f  beams 
- Number o f  reusable sub-bands 
- Number o f  channel s-per-beam 
- Po la r i za t i on  
- Pol a r i  za t ion  d i ve rs i  t y  
o Number o f  base s ta t ions  
o Number o f  UtIF beams served 
per base s t a t i o n  
o On-board swi tch ing 
o Total number o f  duplex channels 
o User-to-channel r a t i o  
CONUS i 
I 
two 10 MHz bands i n  UHF (804-890) I 
two 35 MHz bands i n  S-band (2500-2690)i 
I 
2 percent p r o b a b i l i t y  o f  system I 
over1 oad I 
I 
0.026 E r l  angs I 
1 
I 
Close compa t ib i l i t y  w i t h  the I 
t e r r e s t r i a l  c e l l  u l  a r  system I 
I 
95 
C i  r c u l  a r  
Not used 
25 
4 
95-380 
C i  r c u l  a r  
Not used 
2 5 
1-4 
Not provided 
8,265 
3 3 
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Chapter 3 
Satellite System Design 
3. SATELLITE SYSTEM 3ESIGN 
Chapter 3 constitute; the core df t h i s  report and presents the  design o f  MSP.T 
which i s  the  spacecraft f o r  the LMSS. The most important requirement a f f e c t i n g  
the  design o f  MSAT i s  tha t  o f  producing a prescribed nunber o f  mu l t i ? le  beams 
as set r o r t h  i n  Chapter 2. S ta r t i ng  w i th  t h i s  requirement, Chapter 3 develops 
a conceptual des~gn  f o r  >fSnT descr ib ing most major scbsystems ind iv idua l ly .  
Natura l ly  the bulk o f  the  discussion i s  aimed a t  the design c f  the large UHF 
mu l t i p le  beam antenna and i t? 6ssociated feed array tvhich are the most 
s ingu la r l y  princinent features of WSAT. The chapter begins w i th  an overviers o f  
the  overa l l  design, and conticues w i th  a discussion of each scbsystem. The 
mater ia l  covered i n  t h i s  chapter- includes the design o f  the feed array 2nd the 
GF, control ,  power, propulsion, and thermal sdbsystem. The RF performance o f  
t h e  UE antenna, inc luding i t s  beam i so la t i on  performance, i s  discussed a t  
some length. The chapter concludes w i th  the  v o l m e  ana sass prcpert ies c f  MSAT 
and i t s  Shut t le  launch considerations. 
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3.1 S A T  DESIGh OVERVIEW 
This sect ion provides a descr ip t ion  of the overa l l  HSAT design. Tke i n t e n t i o n  
i s  t o  provide an overview of the  e n t i r e  sate1 li t e  system p r i o r  t o  a more 
deta i led  discussion o f  each major subsystem. 
MSAT i s  a communication s a t e l l i t e  designed t o  operate i n  geosynchronous o r b i t .  
It provides radiotelephone camunicat ion f o r  mobi le vehicles which are equipped 
only w i t h  1 ow-gain antemas and r e l a t i v e l y  simp1 2 receivers. The mobil e 
vehicles are expected t r ~  roam an-vwhere w i t h i n  the coverage area, which f o r  the 
purpose o f  t h i s  design, i s  taken t o  be CONKS. Through MSAT, these vehicles 
canmunicate wi t h  each other as we1 l as w i  t h  regul a r  phones ni t h i n  the wi re1 i n r  
network. To enable t h i s  feat, MSAT uses two sets o f  mu1 t i p l e  beam astennas. 
A large, 55-m UHF antenna provides the  communication between the mobile veh ic le  
and the sate1 1 i te, and a ma1 l e r  10-n S-band antenna re lays  the  signals frcm 
HSAT t c  t4e base s ta t ions  which serve as the i n te r face  b e t e m  the L3SS a f d  
the regular wire1 ine  network (see Fig. 3-1 ). A b r i e f  descr ip t icn  o f  some 
s a l i e n t  features of YSAT fol lows. 
UHF Antenna 
The most prominent feature of MSAT i s  i t s  55-m o f f se t - fed  mesh deployable 
parabol i c  re f l ec to r .  I n  add i t ion  t o  p r w i d i n q  a l a rge  gain, which i s  needed 
t o  compensate fo r  the 1 on qain o f  the moi-il e antennas, t h i s  1 arge r e f l e c t o r  
produces 87 narrow beams thus enabl i ng  e f f i c i e n t  use o f  the avai lable frequency 
spectrum through spat ia? d iversf  t y  and frequency reuse. 
The UHF r e f l e c t o r  i s  fed by a la rge micros t r io  ~ l a n a r  f e e l  array. Tne array 
has an overal l  rectangular ewelope o f  approximately 6.9 by 11.4 m and u t i -  
? i z ~ s  134 feed elements t o  f 3 n  the 87 UHF beams. 
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Figure 3-1. A Conceptual Drawing Debicting MSAT 
An I-shaned deployable mast, whose dimensions are approximately 83 m f o r  the 
lowei- segment and 34 m f o r  the upper segment, attaches the UIiF r e f l e c t o r  t o  
the HSAT bus (see Fig. 3-11. The long length of the lower segment o f  the mast 
i s  requi red so as t o  provide a l a rge  F/D r a t i o  (antenna focal  length- to-  
r e f l e c t o r  diameter r a t i o ) ,  which i s  ceeded f o r  sa t is fac tory  performance o f  the 
mil  ti pl  e bean antenna. 
A de ta i l ed  e l e c t r i c a l  design o f  the UHF zntenna i s  presented i n  Section 3.4. 
The s t ruc tu ra l  descr ip t ion  o f  the re f l ec to r  and feed array are presented i n  
Sections 3.: 1 and 3.12 respect ively.  
S-Saed Antenna 
A secmd, small e r  10-m antenna forms 25-nu1 t i p 1  e S-band beams which provide 
communication between the sate l  1 i t e  and the base stat ions. Thi s i s a1 so an 
o f f se t - fed  mesh depl ~ y a b l  e antenna w i  t h  a p l  anar feed array. The S-band 
antenna i s  discussed i n  Sect icn 3.6. 
Power Requi remen t 
3SAT ~ r o v i d e s  a t o t a l  o f  8,265 d u ~ l e x  voice channels each ~'equi r i n g  an approxi- 
mate RF pcrwer o f  1/4 W. This r e s u l t s  i n  a ra ther  substant ia l  requirement o f  
2 k i l  o f  RF power which must be provided by the !ASAT power smpl i f i e r s .  The 
prime pcwer f o r  the amp1 i t i e r s ,  as wel l  as othei- e lec t ron ic  equipment, i s  
generated fron! two depl ayable solar arrays, each approximately 4 by 9 m, whicn 
are sized t o  produce 10 kW o f  DC power a t  the beginning o f  the miss:on. The 
power-per-char;nel requirement i s  discucsed i n  Section 3.9, wh i l e  Section 3.10 
d i  scusses the YSAT power subsystem. 
At t i tude Contro? 
MSAT, wi th  i t s  massive feed, 1 arge booms and ref lectors,  sheer size and low 
structural  frequencies, consti  tuteq 3 : argc f l ex i b l e  spacecraft whose a t t i t ude  
control  presents a chal lenge o f  unprecedented proportions. F i r s t  o f  a l l  , HSAT 
d i ~ n s i o n s  are o f  the order o f  10C m, making i t  considerably la rger  and more 
f l e x i b l e  than any spacecraft flown t o  dete. Secandly, t h i s  very 1 arge sat- 
e l l i t e  must be stsbl ized and pointed t o  very precise requirements (0.03 
degrees). These challenges are met w i t h  an advanced conti-01 system design 
which combines state-of-the-art a t t i t ude  contro! technology w i th  emerging 
advancea contro? software and hardware technologies f o r  in -o rb i t  system 
ident i f ica t ion,  fzed m t i o n  compensation, and d is t r ibuted sensing and control, 
i n  order t o  achieve precise point ing and act ive v ib ra t ion  damping o f  t h i s  
large sa te l l i t e .  The a t t i t ude  control system i s  discussed i n  Section 3.13. 
Themal Radiators 
MSAT dissipates a substantia! amou*tt o f  pover i n  terns of heat. The UHF 
Tower a m l i f i s r s ,  even wi th a 50 percent e f f i c i ~ n c y ,  dissipate 2 kW o f  waste 
heat, which must b. disposed. The heat from the 7ower dmpli f iers. which are 
phyj ,al ly d is t r ibuted over the 58 m2 area behind the UHF feed array, i s  trans- 
ported v i a  heat pipes t o  remote thermal radiators located a t  the top and the 
battom ~f the UHF feed panel as shown i n  Fig. 3-1. The thermal radiators are 
discussed as a par t  o f  the feed structure ,n  Section 3.12. 
Mass and Other Properties 
The overal l  weight of the spacecraft a t  the beginning 9 f  the mission i s  
approximately 4,000 kg (8,860 l b ) .  I t s  launch requircs a dedicated Shutt le 
,argo bay and an upper stage vehicle, w i th  s im i l i a r  p ~ y l o a d  capabi l i t ies  as 
the proposed w i d c t - ~ . . ~ ~  rcctaur. fhe spacecraft i s  designed f o r  a 10-year 1 i f e -  
time and carr!e3 . .ff:cient propel lant  t o  perform north-south and east-west 
stationkeeping during i t s  1 i f e .  More d e t a i l  i s  given on the propulsion sub- 
system i n  Section 3.14, mass propert ies i n  Section 3.15, and launch considera- 
t i o n  i n  Section 3.16. Table 3-1 summarizes the sal i e n t  features o f  the  MSAT 
design. Following t h i s  b r i e f  overview, the  r e s t  o f  Chapter 3 i s  devoted t o  a 
more deta i led  discussion o f  the major subsystems. 
Table 3-1. S a l i e n t  Features o f  MSAT 
I 
I Location 
I 
I 
I 
110" W. Longitude I 
(Geostationary Orb i t )  I 
I 
Coverage Area CONUS 
Frequencies 
- Mobile Vehicle - S a t e l l i t e  UHF 
- Base Stat ion - S a t e l l i t e  S-band 
Number o f  Voice Channels 8,265 
EIRP-Per-Channel (UHF) 46.8 dBW 
Number o f  UHF Beams 87 
Number o f  S-band Beams 25 
Beginning-of-Li f e  DC Power 10 kW 
Li fet ime 10 years 
1 Launch 
I 
Single Shutt le  
I Upper Stage TB D 
I 
I Weight 
I 
I 
3.2 ANTENNA SYSTEM ACCURACY REQUIREMENTS 
There are several system performance requirements which impact the  design ~f 
MSAT. Flajor design d r i v e r s  inc lude  accuracy requirements o f  the l a r g e  UHF 
antenna which i s  t he  most imposing component o f  MSAT. Accordingly be f c re  
embarking on the design of MSAT i n  general and i t s  UHF antenna i n  p a r t i c u l a r ,  
i t  i s  necessary t o  e s t a b l i s h  those antenna requirements which have a s t rong  
impact on t h i  s  design. Major antenna requirements t o  be addressed inc lude:  
I f  antenla p o i n t i n g  requirement; 
2 )  antenna s t a b i l i t y  requirement; 
3 )  antenna sur face con t ro l  requirement; and 
4 feed/di  sh re1 a t i v e  posi  ti on and a1 ignment requi  rernent. 
Before es tab l i sh i ng  t he  requirements f o r  the MSAT antenna p o i n t i n g  and s t a b i l -  
i ty ,  i t  i s  impor tant  t o  c l e a r l y  de f ine  what i s  imp1 i e d  by each o f  these terms. 
The bores igh t  o f  the  m u l t i p l e  beam UHF antenna i s  t o  be po in ted a t  the  center  
o r  CONUS a t  a  lona i tude  and a l a t i t u d e  t o  be spec i f ied.  For the purpose o f  
the  discussion a t  h a ~ d ,  i t  i s  assumed t h a t  the bores igh t  i s  t o  be po in ted  a t  
Kansas City. However, due t o  a  number o f  e r r o r s  i n  the  s t ructure,  con t ro l ,  
and 2F suhsystea; which a re  no t  e a s i l y  ca l i b ra tab le ,  t he  antenna bores igh t  
w i l l  be po in ted s l i g h t l y  o f f  the des i rcd ta rge t .  The p o i n t i n g  requirement 
d i c t a tes ,  i n  degrees, the  rnaxinum absolute uncal i b r a t a b i ~  e r ro r ,  due t o  a l l  
sources, Trom the spec i f i ed  p o i n t i n g  d i rec t ion .  
Dtir ing the "'2 o f  the  mission, duc t o  ~ a r i o u s  interna: and e r t e r l  d i s t u r -  
;-ances, the anteiiiia hores igh t  d i  I 1  dev ta te  cons tan t l y  from t,.e i n i t i a l  p o i n t i ~ g  
d i r ec t i on .  Po in t ing  s t a ' i l  i t y  d i c t a t e s  the maximum j i t t e r  o r  dev ia t i on  aoout 
the i n i t i a l  po inL ing.  
Antenna Po in t ing  Gequi rement 
I n  es tab l ish ing  p o i n t i c g  and s t a b i l i t y  requirements f o r  the MSAT, i t  i s  assumed 
t h a t  any dynamic disturbance i n  the spacecraft w i l l  move the mu l t i p le  beams i n  
unison such t h a t  no d i f f e r e n t i a l  movement between the beams w i l l  occur. Under 
t h i s  assumption the i n i t i a l  po in t i ng  e r r o r  w i l l  on ly  a f f e c t  the  coverage o f  
CONUS a t  i t s  boundaries. Referr ing t o  Fig. 2-5 f o r  example, note t h a t  i f  
during the i n i t i a l  po int ing,  the  antenna bores igA- t  misses Kansas City t o  the  
nor th  by an amount equal t o  h a l f  a beamwidth, then the e n t i r e  87-beam f o o t p r i n t  
w i l l  be s h i f t e d  northward leaving only  the southern border o f  CONUS w i t h  
degraded coverage. 
Rather than proposing a very s t r i ngen t  requirement on the point ing, a beam 
layout  could be spec i f ied  t h a t  covers s l  i g h t l y  more than CONUS, so t h a t  a ma1 1 
misd i rec t ion  o f  the 87-beam ensemble boresight w i l l  not r e s u l t  i n  an i n f e r i o r  
performance a t  the C3NUS boundaries. With t h i s  i n  mind, the po in t i ng  requi re-  
ment i s  establ ished a t  0.1 degrees o r  roughly 1/4 o f  an ind iv idua l  beamwidth. 
Antenna Stabi  1 i ty Requirement 
Point f  ng s t a b i l i t y ,  however, i s  more c r i t i c a l  and should be analyzed i n  r e l a t i o n  
t o  a t yp i ca l  c a i l  setup. Once a mobile user i n i t i a t e s  a c a l l  i n  a p a r t i c u l a r  
UHF beam, and i s  assigned a channel from the pool o f  channels ava i lab le  t o  
t h a t  beam, i t  i s  important. t h a t  the user be able t o  f i n i s h  h i s  c a l l  wh i le  he 
i s  w i t h i n  the same beam. In contrast,  i n  the t e r r e s t r i a l  c e l l u l a r  system, a 
mobile user may roam from one c e l l  t o  another requ i r i ng  tha t  the c a l l  be 
handed over from one c e l l  t o  the next, i n  a manner t h a t  i s  transparent t o  the 
user. I n  the t e r r e s t r i a l  system, t y p i c a l l y  the user s t a r t s  a ca7l i n  a g!ven 
c e l l ,  on a given channel, and, dur ing the dura t icn  o f  the c a l l ,  he may t rave l  
through several c e l l  s w i t h  the  channel assignment changing several times. I n  
the  c e l l u l a r  system where each c e l l  may be t y p i c a l l y  a few c i t y  b locks wide, 
t h i s  method o f  operat ion i s  necessary. However, beam-to-beam c a l l  hand-over 
i n  the  MSAT i s  cumbersome and i n  most cases vnnecessary. A f t e r  a c a l l  i s  
i n i t i a t e d  i n  a beam, the user may f i n d  h imse l f  i n  the nex t  beam because e i t h e r  
he has d r i ven  t o  the  area covered by t he  nex t  beam or,  a d is turbance t o  the  
spacecraft has caused the beams t o  move r e l a t i v e  t o  him. The f i r s t  case i s  
n o t  c r i t i c a l .  A user t r a v e l 1  i n g  a t  96 km/h (60 mi /h)  would cover a d is tance 
o f  o n l y  8 km dur ing a t y p i c a l  5-minute phone c a l l .  Even i f  the c a l l  i s  
i n i t i a t e d  r i g h t  a t  t he  edge o f  a beam, t h e  8-km s h i f t  would represent a n e g l i -  
g i b l  e l o s s  i n  the received power. 
Thus, t h e  antenna s t a b i l  i ty  requirement i s  estab l  i shed based upon the maximum 
al lowable beam motion which permi ts  a c a l l  t o  be i n i t i a t e d  and terminated 
w h i l e  the  mobi le user i s  w i t h i n  the same beam. For t h i s  reason, p o i n t i n g  
s t a b i l i t y  i s  es tab l i shed  a t  0.04 degrees o r  rougnly  0.1 o f  a beanwidth. For 
a nominal UHF beam, i f  a user i n i t i a t e s  a c a l l  a t  the edge o f  the beam, and i f  
the  beam moves r e l a t i v e  t o  h i s  l o c a t i o n  by 0.04 degrees, the E I R P  should drop 
by  no more than 1 dB. Accordingly, 1 dB p o i n t i n g  e r r o r  pobver margin has been 
i ncl uded i n  the M S H i  1 i nk  budget design 
Ref1 ector/Feed k e l  a t i  ve P o s i t i o n  and Surface Accuracy Requi rement 
Several R&D a c t i v i t i e s  are underway i n  order  t o  de f ine  and q u a n t i f y  the  above 
two requirements (see Sect ion 5.1!. More work i s  aeeded t o  determine the l e v e l  
o f  d i s t o r t i o n  i n  the RF pa t te rns  due t o  antenna surface disturbance and due t o  
the m i s a l i g n ~ e n t  and re l oca t i on  o f  the feed r e l a t i v e  t o  the r e f l e c t o r .  Pre- 
l i m i n a r y  r e s u l t s  i nd i ca te  t h a t  a surface accuracy o f  g r e z t t r  than A/5O rms may 
be needed i n  order  t o  keep the RF sidelobes w i t h i n  2 t o  3 dB o f  i t s  des i red 
value. Addi t i ona l  l y  , from the ea r l y  resul ts ,  i t  appears t h a t  the in-and-out 
movement, i.e., the  defocusing, o f  the feed r e l a t i v e  t o  the r e f l e c t o r  must be 
kept  t o  w i t h i n  two wavelengths. 
The feed array panei movement r e l a t i v e  t o  the r e f l e c t o r  i n  the transverse 
plane r e s u l t s  i n  the s h i f t i n g  of the  ensemble mu1 t i p l e  beams r e l a t i v e  t o  the 
coverage area. Thus, the antenna p o i ~ t i n g  and s t a b i l  i t y  requirements discussed 
e a r l i e r  i m p l i c i t l y  bound the allowable feed r o t a t i o n  ana feed t r a n s l a t i o n  i n  
the transverse plane. Nominally t h i s  movement should be 1 i m i  ted  t o  - +3 cm t o  
l i m i t  the  beam s h i f t  t o  0.02 degrees ii .e., h a l f  o f  the antenna s t a b i l i t y  
requi rement) . 
Rotat ion o f  the feed panel r e l a t i v e  t o  the r e f l e c t o r  a lso resu l t s  i n  the de ter i -  
o ra t i on  of the RF patterns. I n  general, more work i s  required t o  es tab l i sh  
feed/ref l  ec to r  a1 ignment requi rements. 
3.3 SELECTION OF AN ANTENNA CONCEPT 
The most prominent feature o f  MSAT i s  i t s  l a r g e  UHF antenna. As determined i n  
Chapter 2, 87 beams must be p  .educed i n  o rder  t o  support  t he  p ro j ec ted  market 
f o r  t he  LMSS. Th is  ifi t u r n  necess i ta tes antennas w i t h  aper ture diameter; i n  
t h e  o rder  o f  50 t o  60 m. A major dec is ion  a t  t h e  o u t s e t  o f  t h e  design process 
i s  t he  se lec t i on  o f  an antenna concept both from a  s t r u c t u r a l  and an e l e c t r i c a l  
p o i n t  o f  view. 
3.3.1 E l e c t r i c a l  Cons iderat ions 
From e l e c t r i c a l  (RF) cons iderat ions,  phased w r a y s ,  lenses, and r e f l e c t o r  type 
antennas a re  a l l  p o t e n t i a l  candidates [Ref. 11. 
The main Avan tage  of a  l ens  over a  parabc l i c  r e f l e c t o r  i s  t he  absence o f  
aper tu re  blockage and p o t e n t i a l l y  b e t t e r  l a t e r a l  scan cha rac te r i s t i c s .  U t i -  
1  i z i n g  an o f f s e t  re f ;  e c t o r  con f i gu ra t i on  overcanes the  blackage problem and a  
l o n g  foca l  l eng th  y i e l d s  adequate scan c h a r a c t e r i s t i c s ;  thus, the  l ens  does 
no t  o t f e r  t e t t e r  e l e c t r i c a l  pecformance. The major disatvantage of a  l ens  i s  
t he  weight. I n  lenses, some m e d i u ~ ,  a r t i  f i c i a ?  d i e l e c t r i c s ,  d i e l e c t r i c s ,  o r  
wavequides, a t e  requ i red  t o  focus t he  I-ays. Since the sur face area o f  t h i s  
medium i s  o f  the  same s i ze  as t he  aper ture ( i .e., approximately 50 t o  60 m )  
and weighs cons iderab ly  more than a  1  ightweight  r e f 1  e c t i  ng mesh t h a t  i s  used 
i n  r e f l e c t o r  antennas, a  l ens  approach i t  n o t  considered v iab le .  
Phased arrays o f f e r  the  aovantages of  r a p i d   czar^, fi ex i  b i !  i t y  o f  r ~ c o n f i g u r a -  
t i o n  { e l e c t r o n i c  scanning a1 1 ows f o r  changes i n  r a d i a t i o n  pa t t e rns  t o  a d j u s t  
f o r  t r a f f i c  f l u c t u a t i o n s )  , higher  aper ture e f f i c i e r  cy (no 1 osses due t o  
sp i  11 over, corn, 1 obe o r  aper ture blockage) , and i ncreascd re1 i a b i l  i t y  ( f a i l u r e  
of a few elements does n o t  e l im ina te  a coverage reg ion) .  However, these 
advantages come w i t h  t he  s i g n i f i c a n t  pena l t i es  of  complexi ty and weight. 
i n  a phased a r rzy  design f o r  simultaneous!y opera t ing  beams, each and every 
beam i s  fonned by the  same 2-dimensional a r ray  c f  elements whose o v e r a l l  
aper ture ze i s  t h a t  o f  an equ iva len t  r e f l e c t o r  antenna (50 t o  60 m). I n  
order  t o  have a t  l e a s t  one degree-of-freedom i n  producing each d i s t i n c t  beam, 
the  minimum number o f  requ i red  r a d i a t i n g  elements o f  the  a r ray  would be equal 
t o  the number o f  beams. I n  pract ice,  however, t h e i r  number coul d run i n t o  
thousands. The weight o f  such a s t r uc tu re  wou'ld be considerably more than a 
r e f l e c t o r  antenna sy~ tem.  I n  addi t ion,  t he  compl e x i t y  o f  the beam forming 
network would be staggering. 
For these reasons, the  se lec t i on  o f  the UHF antenna i s  r e s t r i c t e d  t o  the 
r e f l  ec to r  antenna system. 
3.3.2 S t r u c t u r z l  Considerat ions 
Sel e c t i  71, o f  a r e f l  ec to r  antenna s t ruc tu ra l  /mechanical conceot f o r  the MSAT 
has been s t rong ly  inf luenced by the  var ious s tud ies per fomed under t he  Large 
Space S y s t w ~ s  Technology (LSST) Program i n  the NASA O f f i c e  o f  Aerc: t i c s  dnd 
Space Techno1 ogy (OAST 1. 
I n  order  t o  eval tlate the cu r ren t  and p ro jec ted  capabi l  i t y  f o r  l a rge  mesh 
aepl oyabl2 antenoas, t h e  LSST program has reviewed the  s ta te-2f - the-a * t  f o r  
t h i s  c l ass  o f  antenna. The bas ic  types o f  antenna s t ruc tu res  considered i n -  
cluded; a) r a d l a l  r i b ,  b )  tens ion-s t i f fened  naypole, c )  t russ, and d) advanced 
C 
c3ncepts. The c r i t e r i a  used t o  a i d  the ass2ssment and se lec t i on  o f  these 
spec i f i c  concepts included such factors as; a) surface prec is ion  i n  t he  
intended serv ice environment, b) mechanical packaging e f f i c iency ,  c) matur i ty  
o f  concept, d) cost, e) weight, f )  r e f u r l a b i l  i ty, g) deployment r e l i a b i l i t y ,  
h) concept growth po tent ia l ,  i )  appl i c a b i l  i t y  o f  concept f o r  d i f f e r e n t  appl ica-  
t ions,  j] a p p l i c a b i l i t y  f o r  ac t ive  surface contro l ,  and k )  dynamic character- 
i s t i c s .  Based on t h i s  review, NASA OAST has selected tw  spec i f i c  antenna con- 
cepts, i.e., t he  o f f s e t  wrap-rib and hoop/column f o r  developnent, f o r  th ree  
classes of appl icat ions: canmunications, radiometry and VLBl [Ref. 21. 
Requirements, f o r  antennas w i t h  apertures up t o  100 m i n  diameter f o r  operat ion 
up t o  X-band, r e s u l t  from these classes o f  appl icat ions. The two concegts 
sclected f o r  development have the  po ten t i a l  f o r  s a t i s f y i n g  the requirements f o r  
a l l  three classes o f  appl icat ion.  
The Lockheed M i  s s i l e s  and Space Company (LMSC) w r a p  r i b  antenna concept has 
successful ly demonstrated i t s  ax i  symnetric design c a p a b i l i t y  w i th  f l  i g h t  
appl icat ions, the most notable being the  ATS-6. This can t i l eve r  r ib - type o f  
r e f l e c t c r  conf igurat ion i s  d i r e c t l y  appl icable t o  t h e  o f f s e t  re f l ec to r .  The 
L-shaped deplayable r e f l e c t o r  support s t ruc ture  f o r  the o f f s e t  conf igura t ion  
i s  the only  s i g n i f i c a n t  new development challenge (see Fig. 3-1). 
The Har r i s  Corp. hoop/column antenna concept has the po ten t i a l  f o r  very l a rge  
size apertures using a modi f i e d  TDRSS antenna surface-shaping approach i n  con- 
junct ion w i t h  a cab1 e - s t i  ffened support structure. 
Even though both antenna concepts have great po ten t ia l  f o r  the  th ree  classes 
o f  app l ica t ion  i d e n t i f i e d  under the LSST program, the  LMSC o f f s e t  wrap-rib i s  
somewhat a more mature concept a t  t h i s  t ime as a consequence o f  a successful 
space f l  i g h t  experience. Consequently, JPL selected the 9 f  :set w r a p  r i b  
antenna f o r  the MSAT design. 
The Harr i  s hoop/col m n  antema can provide mu1 ti pl e apertures which can be 
used to  some advantage i n  the design o f  an LMSS system. However, the result ing 
spacecraft woe1 d be heavier than a similar spacecraft using single aperture 
offset wrap-rib antenna. 
3.4 UHF ANTENNA DESIGN 
Due t o  re1 a t i  ve ly  1 ow frequency f l a rge  wave1 ength) , the UHF sate1 1 i t e  antenna 
w i l l  be the  l a rges t  and heaviest antenna on board MSAT. Furthermore, since i t  
c m u n i c a t e s  w i t h  mobile vehicles which have v e r j  lbw-gain antennas and r e l -  
a t i v e l y  unsophist icated receivers, the UHF antenna has t o  have exce l len t  
e l e c t r i c a l  proper t ies such as low loss, h igh  gain, and low sidelobes. Due t o  
s ize  and weight considerations, i t  i s  proposed t c  use the same UHF antenna 
system f o r  both the up l ink  and the downlink. This means t h a t  the same rad i -  
a t i n g  feed elements are used both f o r  t ransmi t t ing  and rece iv ing  signals, i.e., 
they would have t o  operate on a wider bandwidth than would have been required 
otherwise. Furthennore, d ip lexers would be needed t o  separate the t ransmit  acd 
receive mode signals. On the other  hand, the mechanical and s t ruc tu ra l  superi- 
o r i t y  of us ing one re f l ec to r  and one feed s t ruc ture  instead o f  two i s  q u i t e  
obvious. 
3.4.1 Antenna Size and Beam Layout S ~ e c i f i c a t i o n s  
The fo l low ing general requirements have been l ev ied  on the design of  t h i s  
antenna: 
i )  Produce 87 contiguous beams covering CONUS; 
i i )  Achieve a t  l e a s t  a 27-dB interbeam i s o l a t i o n  (see Section 3.5); and 
i i i )  Use a 55-m antenna. 
General l y  i n  designing a mu1 ti p l  e beam antenna system, only  the f i  r s t  two o f  
the above cons t ra in ts  are l ev ied  on the antenna designers. Producing 87 beams 
a t  UHF frequency neces;; cates an antenna having a diameter i n  the range of 50 
t o  60 m. The exact antenna s ize i s  derived by a design procedure i nvo l v ing  
other  RF parameters, such as the edge taper (see Appendix E f o r  a general 
design procedure). However, for  MSAT, ra ther  than fo l low ing such a design 
procedure, a t  the outset  a 55-m antenna i s  selected t o  b e n e f i t  from a wealth 
o f  data avai l a b l e  through the  NASA LSST Program. ( I t  was mentioned i n  Section 
3.3.2 that,  independent o f  the LMSS Program, JPL, through i t s  cont rac tor  
Lockheed Miss i les  and Space Company (LMSC) and under the  LSST program, i s  
devel oping a 55-m mesh deployable antenna w i  t h  appl i c a t i o n  t o  nwl t i p 1  e beam 
communication. A great  amount o f  data on dynamic behavior, thermal behavior, 
weight, etc., f o r  t h i s  antenna a1 ready e x i s t s  under the LSST program. ) 
Figure 2-5, which i s  repeated i n  Fig. 3-2 f o r  convenience. shows 87 beams o f  
0.45 degree foo tp r i n t s  covering CONUS as viewed from the s a t e l l i t e .  The number 
0.45 degrees r e f e r s  t o  the interbeam separation og and as such provides the  
s ize  o f  the beam foo tpr in t .  The re la t i onsh ip  o f  og t o  beanwidth (BW) i s  
explained w i t h  the a i d  o f  Fig. 3-3. The beamwidth i s  def ined e i t h e r  w i t h  
respect t o  a prescribed power level ,  usual ly  half-power o r  -3 dl3 l e v e l  and i s  
denoted ha1 f-power beanwidth (HPBW), o r  w i t h  respect t o  the crossover l e v e l  
(COL) o f  two adjacent beams i n  which case i t  i s  denoted crossover beamwidth 
(COBW). The interbeam separation O B  i s  equal t o  the  COBW b u t  may be l a r g e r  o r  
smal ler than HPBW. A1 so denoted i n  Fiq. 3-3 i s  the t r i p l e  crossover l eve l  
(TCOL) which i s  the l eve l  a t  which three adjacent beams crossover. This l e v e l  
i s  important i n  the design of the telecommunication 1 ink because i t  denotes 
spots i n  the coverage area w i t h  minimum EIRP.  
Figure  3-2. Out1 i n e  of t h e  Cont inenta l  Un i ted  S ta tes  (CONUS) Covered by Beams o f  
0 . 4 5  Degrees Beamwidth, as Viewed From t h e  Geostat ionary  S a t e l l i t e  a t  
110' W. Longitude 
Figure 3-3. Definition of Crosscver Beamwidth (COBW = as, Beam 
Footprint Size) ; Crossover Level (COL) ; Hal f-Power 
Beamwidth (HPBW); Triple Crossover Level (TCOL) 
3.4.2 Antenna Geometry 
For  mu1 tibeam systems w i t h  la rge  feed structures, the performance o f  an ax i -  
s y m e t r i c  r e f l e c t o r  antenna would be d r a s t i c a l l y  impaired by the h igh  blockage, 
due t o  the feed and feed support trusses, transmission l ines,  etc. This f a c t  
can be r e a d i l y  seen from Ffg. 3-4(a ,b) [from Ref. 11 where a 20 percent 1 inear  
blockage could recul  t i n  over 0.5 dR ga in  l oss  and, more s i g n i f i c a n t l y ,  upwards 
o f  10 dB sidelobe l e v e l  deter iorat ion.  I n  a symmetric dual r e f l e c t o r ,  t he  
blockage due t o  a subref lector  w i l l  aggravate the problem even fur ther .  It 
can be concluded tha t  symnetric systems are no t  general ly s i i i tab le  far  frequency 
reuse mrl tibeam systems. The o f f s e t  r e f l e c t o r  conf igura t ion  (whether s ing le  
o r  dual ) essen t i a l l y  e l  iminates blockage, thus a1 lowing f o r  a s i g n i f i c a n t  
reduct ion i n  the s i  del obe levels .  Accordingly, an o f f se t - fed  re f1  ec tor  antenna 
was selected f o r  MSAT. 
The design o f  the UHF antenna i s  now described w i t h  t i le  a i d  o f  Fig. 3-5, which 
def ines the basic geometrical parameters o f  an o f f se t - fed  s ing le  r e f l e c t o r  
antenna system. A1 though the actual design i s  accomplished through several 
i t e r a t i o n  processes ( f o r  more d e t a i l  see Appendix E 1, the fo l low ing fac tors  a re  
taken i n t o  account i n  the geometrical design o f  the UHF antenna. 
i )  According t o  Fig. 3-2, the beams fa r thes t  away from an opt ima l ly  chosen 
cent ra l  beam d i r e c t i o n  are - +8 RW scanned. This requires a r e l a t i v e l y  
l a rge  F/Dp which i s  the determining fac to r  i n  the scanning per fonance 
o f  the antenna. Both gain and sidelobe l eve l s  are less  deter iorated f o r  
l a rge r  values of t h i s  parameter. Addi t ional ly  , the beam dev ia t ion  f a c t o r  
and beamshift (squ in t )  f o r  c i r c u l a r l y  polar ized waves w i :  1 be smaller f o r  
1 arger values o f  F/Dp. 
Figure 3-4(a). Gain Loss Due to Blockage (From Ref. [ I ] )  
Figure 3 - 4 ( b ) .  Sidelobe Level vs Aperture Blockage Ratio for a Circular 
Aperture With Various Illuminations (From Ref. [ I ] )  
However, a  l a r g e r  F/Dp requi res a  l ar'ger focal  length, F, which i s  
unat t rac t ive  from a  mechanical viewpoint since i t  leads t o  a  longer feed 
support structure. Thus, the  actual focal  length w i l l  be based on a  
compromise between these two c o n f l i c t i n g  requirements. 
i i )  Referr ing t o  Fig. 3-5, a  l a r g e r  F/Dp r a t i o  can also be achieved by 
choosing the  smallest acceptable value f o r  t he  edge o f f s e t  height, he, 
since t h i s  leads t o  a  smaller Dp. A simple but  ap~roximate formula f o r  
t h i s  parameter i s  given by: 
he > 2F tan  [ ( M  + 0.5) QB] 
- 
i n  which M i s  the maximum nmher o f  beams scanned beled the  ax is  o f  the 
r e f l e c t o r  i n  t he  o f f s e t  plane (plane o f  Fig. 3-5), and 08 i s  t he  beam 
foo tp r i n t  i n  degrees. The value o f  he i s  chosen such t h a t  the  lowest 
geometric ray  clears past t he  upper t i p  o f  the  feed assembly. The 
actual he should be s l i g h t l y  above t h i s  margin i n  order t o  minimize the 
e f fec t  o f  the d i f f r a c t e d  rays from the edge o f  the  re f l ec to r .  
i i i) Figure 3-2 indicates tha t  t he  maximum beam scan i s  - +8 beams i n  the east- 
west d i r e c t i o n  and - +4 beams i n  the  north-scuth d i rec t ion .  Accordingly, 
the feed and the r e f l e c t o r  should be arranged i n  a  north-south o f f s e t  geo- 
metry. This geometry has two advantages. One, i t  r e s u l t s  i n  a  smaller 
edge o f f s e t  he and hence i n  a  l a rge r  F / D p  and b e t t e r  scanning per- 
formance; two, i t  leads t o  a  smaller number o f  scanned beams i n  the  o f f s e t  
plane which i s  general l y  recognized t o  degrade the perafonnance faster ,  as 
a  func t ion  o f  beam scanning, than the plane perpeid icu lar  t o  it. 
DEF IN ITION OF PARAMETERS: 
F FOCAL LENGTH OF THE REFLECTOR 
D REFLECTOR DIAMETER (DIAMETER OF THE CIRCULAR PROJECTED APERTURE) 
Dp DIAMETER OF THE GENERATING (PARENT) PARABOLOIC. 
h OFFSET DISPLACEMENT (HEIGHT) OF THE CENTER OF THE 
REFLECTOR APERTURE 
h OFFSET DISPLACEMENT (HEIGHT) OF THE LOWER EDGE OF THE REFLECTOR 
e 
Figure  3-5. Basic Geometrical Parameters o f  an Offset-Fed S ing le  
Ref1 ector Antenna System 
Table 3-2. UHF D i  rect-Fed Of f  set Ref1 ec tor  Antenna Parmeters 
I -- Parameter Value i 
N, Number o f  3ems Covering CONUS 
69 , Cross-Over Penrnwi d th  
D, Offset Ref l  ec tor  Diameter 
Dp,  Parent Paraboloid Diameter 
F, Focal Length 
he, Ref lec tor  Edge Of fse t  Height 
h,, Ref l  ec tor  Center Of fse t  Height 
La t i tude and Longitude o f  Central 
Beam on the Ground 
Maximum Scanning i n  East-West D i  r ec t i on  
Maximum Scanning i n  North-South D i rec t i on  
55 m 
123 m 
82.5 m 
6.5 m 
34 m 
1.5 
0.67 
37' N., 96' W., 
Fol lowing the above considerations, the geometric parameters o f  the o f f se t - fed  
sing1 e r e f l e c t o r  antenna are sumnarized i n  Tab1 e 3-2. 
3.4.3 Feed Array Design 
The select ion o f  a se t  o f  rad ia t i ng  elements f o r  feeding the r e f l e c t o r  i s  
probably the most c r i t i c a l  step i n  the design of  any simultaneously operat ing 
contiguous mu1 ti beam antenna. This sect ion presents some design chal 1 enges 
i n  connection w i th  the feeds f o r  the MSAT UHF r e f 1  ector  antenna. 
Once the geometry o f  the o f f s e t  r e f l e c t o r  i s  known (see Fig. 3-5 and Table 
3 - 2 ) ,  the feed clm.ients l oca t i on  and t h e i r  conf igbra t ion  must be speci f ied.  
Feeds are located on the o f f s e t  focal plane, i .e., the plane passing through 
the focus and perpendicular t o  the l i n e  j o i n i ~ g  the focal p o i n t  t o  the po in t  
on the r e f l e c t o r  which pro jec ts  on the center o f  the c i r c u l a r  aperture (see 
Fig. 3-6). A l l  the feed elements should be or iented toward t h i s  ; d t t e r  p o i n t  
( f o r  a more complete discussion o f  feed o r i en ta t i on  see Ref. 3).  Theoreti- 
ca l l y ,  the feed elements should be located on the so-cal led  ' foca l  surface'  
which i s  no t  p l  anar. However, p rac t i ca l  strdc tu ra l  considerations d i c t a t e  
tha t  the feed be l a i d  ou t  on a planar surface i n  a uniformly spaced gr id .  
Redirect ion o f  elements towards the center o f  the re f lec tor ,  f o r  proper i l l u m i -  
nation, w i l l  be accornpl istped by proper phasing o f  the c l  ! lster o f  elements 
cons t i t u t i ng  the feed f o r  a given beam. However, i n  a single-element feed 
s i tua t ion ,  an actual mechanical red i rec t i on  i s  needed. 
The distance df between adjacent feeds correspcnding t o  adjacent beams on the 
o f f s e t  focal plane i s  given by: 
df = LC tan Q f  
i n  which LC i s  the distance from the focal  po in t  t o  the  r e f l e c t c r  center and 
O f  i s  the angle between two adjacent feed d i rec t i ons  (Fig. 3-6). This angle 
i s  re la ted  t o  the corresponding angle between adjacent beams (interbeam angle), 
88, by t h e  beam dev ia t ion  f a c t o r  BDF as shown i n  Eq. (3-3). 
BDF = 8 ~ / Q f  (3-3) 
The BDF i s general l y  c lose t o  uni ty ;  i t s  actual value depends on many re f1  ec tor  
parameters, p a r t i c u l a r l y  F/D r a t i o  and i l l um ina t i on  taper  [see Ref. 41. The 
calculated values o f  BDF and other re levant  data needed f o r  the evaluat ion o f  
df from Eqs. (3-2) and (3-3) are presented i n  Fig. 3-6. Based on the  above 
discussron, the in te r feed separation, df, which i s  a lso the  maximun feed 
aperture s ize  avai lab le per Seam, i s :  
i n  which ?.c33.42 cm i s  the  wavelength a t  f = 87: MHz, midpoint o f  the  dowrl- 
1 ink  frequency band. 
It can be shown tha t  a c i r c u l c r  horn o f  t h i s  s ize  has a gain o f  approximately 
13 dB and i l luminates  the  r e f l e c t o r  w i th  an edge taper o f  about 3.8 dB. The 
pat te rn  o f  such feed and other s im i l a r  feeds (such as open-ended waveguides) 
can be a ~ p r o x i ~  i t e d  i n  t h e i r  main beam region by cosine funct ions (COS q8 ) . 
Computer Grogrms have been developed a t  JPL which e f f i c i e n t l y  and accurately 
compute d i f f r a c t e d  fa;-- f ie ld patterns o f  r e f l e c t o r  antennas f o r  any given feed 
pat te r0  [Ref. 53. Figure 3-7 shows a t y p i c a l  antenna f a r - f i e l d  pd t te rn  f o r  
the MSAT r e f l e c t o r  w i th  a 2 X diameter feed whose pat te rn  i s  approxinated by a 
cosine function, This f i g u r e  indicates h igh  sidelobe l eve l s  which w i l l  cause 
unacceptable l eve l s  o f  in ter ference as w i l l  be discussed i n  S e ~ t i o n  3.5 on 
beam i sol a t  i on. 
= 86.0m, Qc = 23.2g0, de = 18.18O, BDF = 0.987 
Bg = 0.45, Qf 0.4570 df 66.6 cn 
Figure 3-6. Certain Angular Parameters o f  tne UHF Feed-Reflector 
System 
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Figure  3-7. F a r - F i e l d  Pa t t e rn  ( i n  Of fse t  Plane) o f  t he  UHF Antenna h i t h  a  
2X Diameter C i r c u l a r l y - P o l a r f z e d  Feed Havlng a P a t t e r n  
Approximated by a  cosq$, Located a t  Focal P o l r t  
Feed Packing Problem i n  a Contiguous Mu1 tibeam Antenna 
There are bas i ca l l y  three ways t o  reduce the interference i n  a multibeam system: 
1) Moving a l l  the beams fa r the r  apart. This, nowever, means an unacceptable 
decrease i n  the crossover power leve l ,  COL, from about -3 d8 t o  -10 t?B 
o r  less, which increases the pone- requirement of the system hy the  
di f ference. Even i f  the  ex t ra  requi red power on the s z t e l l  i t e  can be 
tc le ra ted ,  by decmasinq tho C O i  the  beam f o9 tp r i n t s  get  l a rge r  thus 
reducing the  number ~f beams covering the given area whicC i n  t u r n  
reduces u;er capaci ty  o f  the system. 
2)  Hoviqg cochannel beams (those having the same frequency) f a r the r  apa r t  
( t h i s  ni l  1 be discussed i n  d e t a i l  i t ,  Sectfon 3.5 on i so la t i on ) ,  b u t  a 
reassnably l a rge  number o f  frequent) reuse iwhich i s ,  a f t e r  a1 1, the 
mafn reason for  the adoption of m u l t i b e a ~  systems) requires the proximi ty  
o f  cochannel beans. 
3 )  Reducinq sidelobe l eve l s  o f  the beams by a more tapered i l l m i n a t i o n  o f  
the re f lec tor .  This i s  the on ly  reasanable cl ternat ive.  
C o ~ s i d e r  a iced-hcrn which produces 15 dB edge taper a t  the re f l ec to r .  It 
caq be shown t h a t  i t s  diameter has t o  be approximately: 
This, however, i s  much l h rge r  than the ava i lab le  i n te r feed  spacing, df = 2x, 
as given i n  Eq. (3-4) .  I t  i s  m i d e n t  t h a t  the prov is ion  o f  acceptable l e v e l s  
o f  i s o l a t i o n  between adjacent beamr requf res feed aperture aiameters s ign i  f i -  
cant ly  l a rge r  than the physical space avai lable. That i s :  d > df. 4s shown 
i n  Fig. 3-8(a). i t  i s  apparent t h a t  for  d > df, the feeds of  the adjacent 
beams would have t o  overlap. This  problem might be solved i n  various ways as 
d i  scussed be1 ow. 
a) ' S t i ~ e r  Gain' Antennas 
Theoret ica l ly ,  one way t o  solve the feed-packing problem i s  the use o f  
r a d i a t i n g  elements whose ' e f f ec t i ve '  apcrture s ize  i s  much l a rge r  than t n e i r  
physical one, thus achieving the requi red gain, and hence, ill m i n a t i o n  taper 
a t  the re f l ec to r ,  wi thout  the  over1 apping problem. Natura l l y  , such elements 
have small physical cross sections, b u t  are much longer than aperture type 
elements. These kinds o f  elements are bas i ca l l y  travel l ing-wave ~ n t e n n a s  o f  
the surface-wave o r  leaky-wave var ie t ies .  Exampl es are: c i g a r  antennas, yag i  
d ipo le  o r  crossed d ipo le  array antennas, zigzag antennas, h e l i c a l  antennas, 
etc. There are three basic problems associated w i t h  the use of such st ructures 
as a s ing le  element-per-beam i n  the  design o f  contiguous mu1 tibeam antennas. 
i 1 A1 though, i n d i v i d u a l l y  i n  f ree  space, they are capable o f  producing h igh  
gain d i r e c t i v e  bearis, t h e i r  behavior i n  an array environment ( i n  the  
presence o f  feeds f o r  o ther  beams) i s  n o t  compl e t e l y  known. The problem 
o f  coupling, where the e f f e c t i v e  aperture o f  array e lmen ts  overlap, i s  
ra ther  complicated, Basei on experiments a t  JPL and elsewhere Oil arrays 
o f  c iga r  antennss, and a survey o f  l i t e r a t u r e  on the s u b ~ e c t ,  gain o f  the 
i nd i v idua l  elements i n  the array enviromnent i s  reduced and might no t  be 
su f f i c i en t  f o r  the high-tapered ill m i n a t i o n  n f  the r e f 1  e c t ~ .  Fur ther  
study might be needzd. 
i i )  S t ruc tu ra l l y ,  very l ocg  elements (here, o f  the order o f  several wave- 
lengths, i.e., 2 m o r  more) do no t  lend themselves t o  a clean, compact 
design a ~ d  eployment o f  the feod array st ructure.  
i i i )  The use of a single-element feed-per-beam does not provide the 
poss ib i l  i t y  o f  phase o r  amp1 i tude adjustments present i n  a mu1 t i p l e -  
element feed which could be u t i  1 i zed f o r  the improvement o f  scanned 
beam performance. 
b) Over1 appi ng Cluster  Feeas 
The overlapping problem can be solved if each feed i s  composed of several 
small elements, some o f  which are shared by tho  feeds o f  adjacent beams. This 
i s  the overlapping c lus te r  feed concept. Figure 3-8(b) shows a 7-elemetlt 
c l u s t e r  conf igurat ion. There $re  3 v a r i e t y  c-f c l u s t e r  arrangements t h a t  lend 
themsel.des t o  the staggered beam conf igura t icn  o f  Fig. 3-2. I n  an equ i l a te ra l  
hexdgon arrangement, the number of elemcrttr per c lus te r  i s  given by: 
The simplest c l u s t e r  i s  obtained w i t h  n = 1, Nc = 7 .  A 7-element c lus te r  
provi3es a physical aperture area o f  d = 3 x df = 61. It can e a s i l y  be shown 
tha t  i n  terms o f  an equivalent feed-horn o f  6:. i r :  diameter, d i r e c t i v e  gains o f  
around 23 dB, and edge tapers o f  atsut  34 tR a t  t.he r e f l e c t e r  are possible. 
The exact values obtainable f o r  the ~ a i n  and taper depend, o f  cwrse ,  on 
the p a r t i c u l a r  elements used and more impcr?;ntly on the e x c i t a t i o n  l eve l s  o f  
the  c lus te r  elements. 
Figure 3-9 shows a 7-element c l u s t e r  teed arrangenent corresponding t o  the 87- 
beam conf igurat ion o f  Fig. 3-2. This f igure shows the feed elements as viewed 
from the r e f l e c t o r  center. The c i r c l e s  represent the feed apertures and the 
t o t a l  number o: feed elements i s  134. 
Figure 3-8(a). Two Over1 appi ng Single Feeds (Physical l y  Impossible) . 
(The Dashed Circles Represent the Largest Physical l y  
Acceptable Sing1 e Aperture Size)  
Figure 3-8(b) .  Two 
Figure 3-9. Feed Array Layout With a 7-Element Cluster Feed Arrangement. 
Each Circle Represents a Feed Element 
3.4.4 Computed Primary (Feed) and Secondary (iteflectcrr) Far-Fie ld Results 
M ic ros t r i p  patch elements are used t o  r e a l i z e  the UHF feed array; a 7-element 
c l u s t e r  i s  used f o r  a l l  the beams w i t h  interelement separation o f  df = 2 X . 
Each element i t s e l f  i s  composed o f  four  square m ic ros t r i p  patches. The choice 
of the m ic ros t r i p  patch antenna has been based on the compactness and the  ease 
o f  in tegrat ion.  However c e r t a i n  conce;=ns regardi ng bandwidth and cross-pol a r i -  
za t ion  proper t ies remain. These problems are present ly under both theo re t i ca l  
and experimental i nves t i ga t i on  a t  JPL. 
A descr ip t ion  o f  the s t ruc tu ra l  d e t a i l s  o f  the  patch antenna i s  given i n  
Section 3.12.1. Each patch i s  fed a t  two points  f o r  c i r c u l a r  polar izat ion.  
Since the  feed has t o  operate i n  both up l ink  and downlink, i t s  requi red band- 
width i s  
about the midband frequency o f  848.5 MHz. This r e l a t i v e l y  la rge  bandwidth f o r  
a m ic ros t r i p  patch antenna requi res a r e l a t i v e l y  t h i c k  substrate. The charac- 
t e r i s t i cs  9 f  the selected m ic ros t r i p  patch are given i n  Table 3-3. A theoret- 
i c a l  model f o r  the patch i s  developed a t  JPL, which gives accurate copo:ar 
and approximate cross-polar information. A combination of four,  seven, o r  a 
maximum o f  n ine patches can be used t o  form one element o f  the 7-clement 
c lus te r  w i t h  an aperture s ize  o f  de = 2 A .  However, nine patches bare ly  f i t  the  
given element area avai lable; there  might be a mutual coup1 i ng  problem, and 
they have t o  be coax-fed frm underneath, sioce i n  t h i s  case there  i s  no rea l  
estate ava i l  able on the surface fo r  feeding by microstr ip .  With four patches, 
however, there i s  enough area ava i l  able between patches fo r  m i c r o s t r i  p feeding. 
Tab le  3-3. Charac te r is t ics  o f  a Square M i c r o s t r i p  Patch Antenna 
I Frequency Band j 821-876 EHz I 
I o f  Operat ion I I 
I I 
- 
1 
I- I I 
1 Randwidth a t  
I VSWR: 1.5 
I 7 percent I 
I I 
I I I 
I I I 
I Size 1 0 . 4 1 ~  ~ 0 . 4 1 ~  I 
1 1 4 . 1 c m r 1 4 . 1 ~ 3  I 
I a t  871 MHz I 
I I 1 
I 
I 
I Thickness 1 1 . 8 c m  I I 
I I I I 
I Substrate I I I 
I I R e l a t i v e  1 1.17 I 
I 1 D i e l e c t r i c  1 I 
I I Constant I I 
I I I 1 
I I i I 
Furthermore, there  i s  t h e  p o s s i b i l i t y  o f  vary ing the  in te rpatch  distances f o r  
an added, a l b e i t  l im i ted ,  degree o f  feed-pattern opt imizat ion. Numerous cases 
have been studied and a  ;-patch combination w i t h  in te rpa tch  distance dp = 0.9X 
has been selected. 
F? p ~ r o  3-10(a) shows a  f a r - f i e l d  pa t te rn  c u t  o f  a  s ing le  c i r c u l  ar ly-pol  ar ized 
patch. Figure 3-10(b; shows the  pa t te rn  of four  such patches, u n i f o m l y  fed, 
t h a t  form an element of the  7-element c luster .  Seven such 4-pdtch elements 
are used t o  ptg3Guce a c l u s t e r  pa t te rn  which i s  shown i n  Fig. 3-10(c). The 
prngressively increasittg taper i n  Fig. lC(a,b,c) i s  qu i te  evident. 
The power l eve l s  of t he  s i x  outer elements o f  a c lus te r  are equal and 13.5 dB 
below the  center element. I n  an op t ima l ly  designed casc, t he  e x c i t a t i o n  o f  
the  cuter  elements w i  11 be unequal and w i l l  be selected f o r  t he  best e l e c t r i c a l  
performance. 
The computed f a r - f i e l d  o f  the  r e f l e c t o r  i s  given i n  F ig .  3-l l (a,b) f o r  the 
center beam (feed a t  focus). I t  i s  shown i n  Section 3.5 t h a t  t h i s  pa t te rn  i s  
q u i t e  adequate f o r  Ccepfng the interference t o  acceptable levels.  It should be 
noted tha t  the  e f f e c t s  o f  r e f l e c t o r  surface to1 erance, feed element a m ~ l  i t ude  
and phase var iat ion,  and other fac tors  o f  a  s t a t i s t i c a l  nature, have not  been 
included i n  these curves. 
I n  order t o  observe the  scan charac ter is t i cs  o f  the ; .e f lec tor  system, the  fa r -  
f i e l d  pat terns o f  a  beam scanned by e igh t  beanwidths i n  the  eastern d i r e c t i o n  
are presented i n  Fig. 3-12(a,b). A cmpar f  son o f  Figs. 3-11 and 3-12 reveals 
l i t t l e  change i n  the sidelobe levels ,  espec ia l l y  f o r  second and higher lobes. 
The main 1  obe broadening i s  a1 so minimal. 
The d i r e c t i v e  ga in  o f  t h e  pa t te rns  o f  t h e  focal and scanned beams presented 
i n  Figs. 3-11 and 3-12 can be  computed numerical ly.  The t o t a l  gain, however, 
must i nc l ude  var ious losses i n  t he  feed and the  r e f l e c t e r .  A ga ln  breakdown 
i s  given i n  Table 3-4. I t  i s  notab le  t h a t  on l y  a 0.42 dB l o s s  i s  i ncb r red  due 
t o  t he  8-beam scanning. F ina l?y ,  Table 3-5 presents  some c h a r a c t e r i s t i c s  c f  
t h e  main lobe  o f  t h e  f oca l  bean1 which a re  o f  i c t e r e s t  i n  t h e  eva?ua t ion  o f  t he  
o v e r a l l  system' s  power requi  rement s. 
The beam pa t te rns  developed i n  t h j s  sec t i on  a re  next used i n  j e c t i o n  3.5 t o  
determine t h e  beam i s o l a t i o n  performance o f  t h e  ante~ina. 
ORIGINAL PAGE 13 
OF POOR QUALrrY 
POW ANGLE IN DEGREES 
(a)  Pa t te rn  o f  One Square Patch 
POUR ANGLE IN DEGREES 
(b )  Pa t te rn  o f  Four Patches (One Feed Element) 
POUR ANGLt  I:J DEGREES 
( c )  Pa t te rn  o f  a C lus te r  o f  Seven Element: (28 Patches) 
F igure 3-10. =a r -F i e l d  Pa t te rns  ( i n  O f f s e t  Plane) of C i r cu l a r l y -Po la r i zed  Feed 
Elements. (Cashed Curves Represent Cross-Pol a r i  zed Component) 
ORlGlNAL P2CL is 
OF POOR Oi\. 'P,CI3 
-2.0 -1.5 -1.2 -0.8 -0.4 -0.0 0.4 0.3 1.2 1.5 2.0 
POLAR ANGLE IN DEGREES 
( a )  # = 90 Degree Plane Czt 
0. 
180 
(b )  Contour P l o t  
F igure 3-11. Far-F ie ld  Pat terns o f  the Central  Beam (Feed a t  Focus). 
A 7-El ement C i r cu la r l y -Po la r i zed  C lus te r  Feed i s  Used 
ORIGINAL PAC; fS 
OF POOR QUALITY 
POLAR ANGLE IN DEGREES 
( a )  # = 90 Degree Plane C u t  (Dashed Curve Indicates the Cross-Pol ari  zed Component) 
( b )  Contour Plot 
Figure 3-12. Far-Field Patterns of a Beam, Scanned by 8 Beamwidths in the 
Eastern Direction. A 7-Element Circular!y-Polarized Cluster 
Feed i s  Used 
Table 3-4. & i n  Loss Breakdam fot MSAT UHF Antenna 
I I I 
I Aperture Gain, ( ~ D / A ) ~  1 54.014 dB f 
I Aperture and Spi!laver Loss ' 3.22 dB (47.64%) I i I 
-- 
I 
I- 7- I 
I Surface Tolerance Loss, f o r  f < 0.3 d€! 
I Surface Rou~hness ! 
I (E/).) < O.Cr I 
I Feed Inser t ion  Loss i ( 0 . 2 d Q  I 
1 I ! 
I J 
I 
1 
Feed Conductor and f < 6-10 ! 
f P i e l  ectrfc ioss I I 
I 
-- 
i I 
I ! I 
I Cross-Pol a r i z a t i o q  Loss j c O . O S d f 3  
I I 
I 
I Reflector Surface 
1 R e f l e c t i v i t y  Loss 
I i 1 
1 Tots1 Gail! Loss foi* 1 4.01 dB !39.?22) I 
1 Focal Beam 1 ! 
I Focal B e a ~  Gain 50 43 
1 ! 
1 1 I 
I Gain Loss fo r  an 8 SY Scan 0.42 dB I 1 
I i n  Eastern Direct ion I 1 
i I I 
1 I I 
1 S EN Sca!!rl"d Beam Gain ( 49.58dB I 
1 1 I 
I I I 
I I I 1 
T ~ h l e  3-5. Some Charactmi st ics of the Main Lobe of the liHF 
tenter  Bern. 
(See Fiq. 3-3 Defiri i t ion df the Acronyms.) 
I I 
1 Crossover Beamidtk (CO@h) 1 0.35" 
i (Footprint Size) 1 1 
I Crossover Level, C3L 1 -2.8 dS 
I 
I 
I I 
I I I 
I I I 
I Tr ip le  Crossover [TCO! Angle i 0.26" 
I 1 
I Trip1 e Cr3ssover Level, i C 3 i  I -3.76 dB I 
I 1 I 
I - -- i I 
1 Pattern S l  ooe d c  CO Po in t  I 0 . G l c / r 8  I 
I Pattern Slope a t  TCO Point 1 f.. C)336"/& ! 
I I I 
I 
- 
I I 
3.5 BEAM ISOLATION 
The successful d e s i ~ n  o f  any m u l t l p i e  beam antenna i s  predicated byon pro- 
v id ing  adequate i s o l a t i o n  between the various beams, and the complexity o f  t he  
design i s  d i r e c t l y  proport ional t o  the leve l  3 f  the required iso la t ion .  11: 
the fo l lowing section, the LHSS beam i solat ior l  requireme~lt  i s  analyzed. 
3.5.1 Beam I s o l a t i o n  Reauiremnt 
A major ob jec t ive  i n  t!#z design of the HSAT mu1 t i p l e  beam antenna subsystem i s  
t o  provide su f f i c i en t  iilterbeam iso ia t io l r .  Tt- i z ~ l a t i o r !  should be such t h a t  
the ef fect  of the cochanwl interference on the subject ive q u a l i t y  o f  repro- 
duced voice i n  the telephone channel be acceptable. It i s  of ten desirable t o  
r e l a t e  t h i s  acceptable subject ive qua l i t y  t o  a m ~ r e  tangib le and more eas i l y  
measurable parameter f n  the system. h e  such index i s  the C / I  which i s  the 
r a t i o  o f  the c a r r i e r  pdwer, i .c., the desired signal, t o  the aggregate power 
of the i n te r fe r i ng  signals from sochdnrlei beams a t  the in2ut  o f  the receiver.  
At1 dcceptable C / I  r s one which sa t i s f i es  the reguli?tory ( f o r  example C C I R )  
s ~ i t e r i a  of perfornance and, more impor tmt l y .  provides a sa t is fac tory  s ignal  
qua1 i t y  a t  the output o f  the receiver. I n  general. the CII  requirement i s  
heavi ly dependent on the chsracte:istics o f  the system under considerat ion and 
the type of service tha t  i t  must p r ~ i d e .  Since there has heen no precedent 
f o r  a satsili te service such 6s the LMSS. no p r i o r  operations: data ex is ts .  
Therefore the LMSS bean is01 a t ion requirement should u l  t i na te l y  be determined 
based on a ca re fu l l y  control led laboratory subject ive experiment. Indeed 
t h i s  i s  what JPL i s  planning t o  accmplisf: i n  1982.* 
However, f o r  the purposes o f  t h i s  report, we have considered other systems 
which have some s im i l a r i t i e s  w i th  the LHSS. Of the many subjective tes ts  one 
which i s  the most relevant t o  the LMSS i s  the t e s t  conducted by Be l l  Labora- 
tor ies, f o r  the Advanced HobiTe Phone Service (AMPS) system operating i n  the 
806-890 MHz. Suhjects o f  the t e s t  rated the qual i t y  o f  simulated and actual 
mobile-telephone channels w i th  the carrier-to-thermal noise r a t i o  (C /N)  f ixed 
a3 IS dB. 
The resu l ts  indicated that  most o f  the subjects considered the transmission 
qua l i t y  c f  a channel to  be good or  excel lent a t  a C!I o f  17 dB. To sa t i s fy  the 
AVPS qual i t y  objective, it was decided tha t  the AMPS system must provide a C!I 
o f  I ?  dS o r  greater over 90 percent of i t s  coverage area. 
To fur ther  i l l u s t r a t e  that  the C/I  reqdirement i s  strangly dependent on the 
type sf system used and the types o f  services provided, consider INTELSAT !V-A. 
It ~ r o v i d e s  a 27-4El interbeam iso la t ion  between i t s  spa t ia l l y  isolated "east" 
and "west" beams t o  permit reuse o f  the 6 and 4 GHz bands. The major reason 
f o r  the 27 dB f igure i s  tha t  the INTELSAT I V - A  pravides both video and audio 
* A c m u n i c a t i c n  1 ink channel simulator i s  current ly  under development a t  
JPL. Once completed, the simiilator w i l l  provide the f a c i l i t y  f o r  subjective 
audio evaluation o f  the e f fec ts  o f  various l i n k  design parameters and COG- 
s t ra in ts  under simulated LMSS operating conditions. I n  order t o  simulate the 
LMSS conmunication environment, the sirnul ator  w i  11 have the capabil i t y  to: 
add Gaussian noise o r  in te r fe r ing  signals, randomly fade the transmitted 
signal , independently fade in te r fe r ing  signal s, emu1 ate nonl inear i  t i e s  o f  
sate1 1 i t c  power amp1 f f iers, and accept various audio modulation schemes such 
as FM, SS8, or d ig i t a l .  
signals. The bean i s o l a t i o n  requirwnert i f i  t h i s  case has been based on the 
requirement o f  the video l i n k  which i s  more s t r i ngen t  than t h a t  which i s  
required f o r  audio. 
Since there has been no precedent f o r  a nu1 t i p l e  beam land mob!le s a t e l l i t e  
system, the C / !  requirement for  such a syst-m i s  as y e t  unestablished. How- 
ever, s ince the LMSS design c a l l s  f o r  compatibi l  i t y  w i t h  the AYPS system, i t  
i s  recamended t h a t  the sane 17 63 C,'I c r i t e r i a  be used i n  the  LHSS system 
desiqn. This requirement can be fu r ther  ref ined on the basis  of  the planned 
subject ive t aboratory test ing.  
Cnce the beam i s o l a t i o n  requirement has been establ ished, a designer must t e s t  
the oerfdrmance c f  h i s  antenna through software s i l w l a t i o n  i n  order t o  insure 
compl iance w i t h  the s w c i  f i ca t i on .  Nost softdai-e a1 go r i  t h s  present ly used f o r  
p red i c t i ng  beam $so la t i on  performance of  mu7 t i p l e  beam antennas, ca lcu la te  C/I 
contours assuming per fect  parabol i c  re f l ec to rs  and idea l  i r e d  operat ing con- 
d i  t ions. Furthermore, C / I  i s  normally ca lcu lated f o r  the down1 ink  ii .e., 
sate? 1 i te - to -Ear th  seqment) only. Thus, i t  i s  important t ha t  one exercises care 
i n  i n te rp re t i n?  the output o f  these software algorithms. There are a number o f  
unavoidab?e fac tors  which i n  real  1 i f e  tend t o  degrade the actual performance o f  
the antenna r e l a t i v e  t o  i t s  idea l ized predic ted performance. The design must 
teerefore conta in s u f f i c i e n t  mdrgin t o  compensate f o r  these degradation factors.  
Sme of  t h ~  more important factors are l i s t e d  be!ow. 
Upl ink Inter ference - !G a s a t e l l i t e  system such as L M S ,  cochannel 
interference e x i s t s  on the upl ink a t  the s a t e l l i t e  receivers as we l l  as 
the  downlink. I n  general, if the upl ink and downlink car r ie r - to - in ter fe rence 
r a t i o s  are denoted by (C/ I )u  and (C/I respect ively, then i n  a l i n e a r  
system the t o t a l  C / I  denoted by (C/ I IT  i s  given by 
where a l l  r a t i o s  are power r a t i o s  and not  i n  decibels. I n  meeting a beam 
i s o l a t i o n  requirement, i t  i s  the  ( C / I I T  which must exceed the spec i f ied  
value. I n  Eq. (3-81, assuming (C / I IU  = (C/IID, the achievable ( C / I I T  i s  
about 3 dB less  than (C/IID. Thus, if a net  C / I  o f  17 dB i s  required (i.e., 
(C/I)T = 17 dB), then the antenna should be designed t o  achieve a 20-dB beant 
i s o l a t i o n  on both the down1 ink and the up1 ink. 
Implementation Factors - I n  the actual operat ing condit ion, there are a 
nunber o f  fac tors  t h a t  degrade the i s o l a t i o n  performance o f  the antenna. 
Notable sources of degradation are: 
a) Ref lec tor  Surface - The r e f l e c t o r  surface n i l  1 deviate from a pe r fec t  
parabol i c  shape due t o  mtnufactur i  ng tolerances, thermal d i s to r t i on ,  
and d i s t o r t i o n  dur t o  contro l  dynamics a l l  cont r ibu t ing  t o  the 
d i  s t c r t i o n  o f  ind iv idua l  beam patterns. 
b)  Dynamic Movement - Re la t ive  motion between the feed array and the 
r e f l e c t o r  w i l l  cause degradation o f  the RF beam pattern. 
c )  Feed Design - 2eal izable feeds have pat terns t h a t  are not  as wel l  
behaved as the theo re t i ca l l y  predicted patterns. 
Mu1 t i p a t h  - Mu1 t i p a t h  fading i s  normally a funct ion of the loca l  t e r r a i n  
-- 
a t  the receiv ing antenna s i te .  Thus, i n  the  downlink, where the desired 
signal and the i n t e r f e r i n a  signals are a l l  subject t o  the same loca l  
t e r ra in ,  the  e f f e c t  o f  mu1 t i p a t h  on the C / I  i s  neg l ig ib le .  However, 
t h i s  i s  no t  the  case i n  the up l ink  where the  desired signal and the  
i n t e r f e r i n g  s ignals a l l  o r i g ina te  from d i f f e r 9 n t  loca t ions  and thus are  
subject  t o  d i f f e r e n t  l e v e l s  o f  mu1 t i p a t h  fading. I n  general, i t  i s  
possib le f o r  the desired signal t o  experience a more severe fade than i t s  
cochannel in ter ferers,  thereby adversely a f f e c t i n g  the up l ink  C / I .  
Po in t i ng  - The dev ia t ion  o f  s a t e l l i t e  antenna point incj  from i t s  n m i n a l  
boresight has a two-fold e f fec t :  a) i t  a f f e c t s  the power budget due t o  the  
l oss  o f  EIRP, and b) i t  degrades car r ie r - to - in te r fe rence r a t i o  a t  c e r t a i n  
loca t ions  i n  the coverage area depending on the d i r e c t i o n  o f  the beam 
s h i f t  caused by the point in^ error .  For the LMSS basel ine design w i t h  
po in t ing  tolerance i n  the  order o f  0.04 degrees, a 1 dB o r  more degradation 
o f  C / l  due t o  po in t i ng  e r r o r  may be experienced. 
On the more pos i t i ve  side, employing Voice Operated Switching ( V O X )  i.nproves 
the achievable C / I  due t o  the fac t  t ha t  ?he i n t e r f e r i n ?  cochannel s ignals w i l l  
not  be turned on a t  a l l  t ines.  
I n  conclusion, i t  i s  recamended t h a t  a 17 dB C/I requirement s im i l a r  t o  
t h a t  adopted by the t e r r e s t r i a l  c e l l u l a r  mobile system be employed. Use o f  
t h i s  f i g u r e  i s  no t  wi thout  mer i t  since there i s  a amount o f  comnonallty 
between the two systws.  Furthermore, i t  i s  recomnended t h a t  the LMSS 
mu1 ti p l  e beam antenna be designed f o r  a f i g u r e  h i  gher than the 17 dB C / I  , 
w i th  the added margin t o  compensate f o r  the  degradat.ion fac tors  which have 
been discussed. For t h i s  reason, a prov is ional  value o f  27 dB C / I  i n  both 
the downlink and the up l ink  i s  recmended pending fu r the r  analysis. 
3.5.2 Interbeam I s o l a t i o n  Performance 
It i s  wel l  known t h a t  the frequency band a1 located t o  a s a t e l l i t e  comnuni- 
ca t i on  system can be best  u t i l  i r e d  by the use o f  spa t i a l  d i ve rs i t y .  Spat ia l  
d i v e r s i t y  means the use of  the same frequency band over d isparate geographical 
areas. This i s  accomplished by us ing a m u l t i p l e  beam system i f i  which several 
d i f f e r e n t  beams employ the same frequency band. Le t  us def ine the  fo l l ow ing  
parameters: 
N = Tota l  number o f  beams 
BT = Total  a l loca ted  bandwidth 
R = Number o f  reusable frequency sub-bands 
Nr = Frequency reuse fac to r  
B1 can be s p l i t  i n t o  R sub-bands, each o f  which i s  a l loca ted  t o  a p a r t i c u l a r  
beam, whereby R beams o f  d i f f e r e n t  frequencies are created. This assignment 
procedure i s  then repeated f o r  the r e s t  o f  the beams. I n  t h i s  way there w i l l  
be an average o f  Nr = N/R beems o f  the sane frequency. I n  other words, each 
frequency sub-band i s ,  on the average, repeated H, times o r  equivalent ly ,  
the t o t a l  frequency band i s  ,-eused Nr times. 
Now, i n  a system w i t h  a given nmber o f  beams, i n  order t o  increase the reuse 
factor,  Nr, the number o f  reusable frequency sub-bands R must be reduced. 
I n  an ideal  case, w l t b  R = 1, the  reuse f a c t o r  i s  a t  the maximum value o f  
N, = N. This means ,;hat the same frequency band i s  repeated f o r  a l l  the beams. 
This, o f  course, requi res idea l  beams w i t h  absolutely no sidelobes, such t h a t  
there w i l l  be no in ter ference from adjacent beams i n t o  a given beam. As R i s  
increased, the number o f  cochannel beams ( beams w i  t h  the same frequency 
a1 1 ocat ion) i s  reduced which imp1 i e s  t h a t  cochannel beams move f a r t h e r  apart. 
Thi s then reduces the interbeam inter ference t o  an acceptable leve l .  
Comnonly, the beam inter ference,  o r  conversely, the beam i s o l a t i o n  i s  measured 
i n  terms o f  the r a t i o  ! i n  dB) o f  the power i n  the desired o r  reference beaa t o  
the sum of power o f  i n t e r f e r i n g  beams incoherent ly added, a t  any given point.  
Sometimes t h i s  r a t i o  i s  c a l l  ed C/I (car r ie r - to - in te r fe rence r a t i o ) .  
Actual in ter ference l e v e l s  depend on 1) the number o f  cochannel beams, Nr, 2 )  
t?e exact l oca t i on  o f  these i n t e r f e r i n g  beams (frequency reuse layout ) ,  and 
most important ly,  3)  the actual beam patterns, espec ia l l y  t h e i r  sidelobe 
charac ter is t i cs .  
Extensive work has been done a t  JPL on frequency reuse plans, and analys is  and 
ca l cu la t i on  o f  C/I (see Refs. [ d l ,  171). Extensive work a lso has been done 
f o r  determining the frequency reuse and beam i s o i a t i o n  o f  the LWSS f o r  var ious 
beam pat terns and sidelobe levels .  Here we simply present the  r e s u l t s  f o r  the 
base1 i n e  antenna design. Only the do~wnl ink  in te r fe rence i s  computed. Up1 ink  
in ter ference 1i1ay be considered t o  have an approximately equivalent val ue. 
-. Figure 3-13 shows CONUS covered w i th  87 beams. [he numbers i ns ide  the paren- 
theses ind ica te  the frequency sub-bands. I n  the frequency reuse scheme 
employed, R = 7, and the average frequency reuse fac to r  i s  Nr = 87/7-12.4. 
The method used f o r  the computation o f  the i s o l a t i o n  employs the exact f a r -  
f i e l d  pat terns o f  the desired and the i n t e r f e r i n g  beams (as opposed to, e.g., 
an approximate envelope o f  the f a r - f i e l d )  a t  many points  w i t h i n  the f o o t p r i n t  
of  tkL desired beam, i n  order t o  produce a contour p l o t  o f  the i s o l a t i o n  lebels.  
This process i s  qu i te  cos t l y  and time-consuming. Therefore, i t  w i l l  be done 
f o t  one o r  two beams where most in ter ference i s  suspected. Here beam 7 1  i s  
chosen as the reference beam (see F ig .  3-13). In ter ference t o  t h i s  beam comes 
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from some o f  the  beans w i t h  the  highest sidelobe l e v e l s  (due t o  t h e i r  re la -  
t i v e l y  la rge  scan angles). Beam 71 i s  d e f i n i t e l y  anlong the  worst afcected by 
interference, i f  not  the worst, and there fore  the  i s o l a t i o n  con tow a t  t h i s  
beam w i l l  be a  good i nd i ca t i on  o f  the  performance o f  the  system. I n  Fig. 3-13, 
beam 71 i s  dot-shaded wh i l e  i t s  cochannel bems are hatched. Although, 
theore t ica l  l y ,  a i  1  t he  cochannel beams ir l troduce some interference, i t  has 
been shown through many cmputat ions, t h a t  on ly  the  f i r s t  r i n g  o f  these beams, 
which are a  distance o f  fi=fi beanmidths away f r a n  the  reference fcam, are 
the  main contr ibutors.  Figure 3-14 shows the  gain contour p l o t  f c r  ooe o f  these 
pr 'ncipal i n t e r f e r i n g  beams, i .e., beam 87. The dashed c i r c l e  depicts  the  beam 
f o o t p r i n t  o f  the reference beam 71 i n  i t s  proper l o c a t i o n  r e l a t i v e  t o  beam 87. 
From t h i s  f igure,  i t  i s  possible t c  see the approximate l e v e i s  o f  in ter ference 
from one s ing le  i n t e r f e r i n g  beam i n t o  the f o o t p r i n t  o f  t he  reference beam. 
Obtdining accurate i s o l a t i o n  levels ,  however, requi res the evaluat ion o f  the  
sum t o t a l  o f  t l -e  i n t e r f e r i n g  s i d e i ~ b e s  o f  a l l  the major i n t e r f e r i n g  beams 
w i th in  the  reference beam f o o t p r i  it. Figure 3-15 shows t i l e  r e s u l t  o f  sucb a  
c,-ilculatioo as contour- 1 ines o f  i s o l a t i o n  levels .  I t  can be observed t h a t  
everywhere w i th in  the hexagonal area which has t o  be covered hy the  reference 
bean,, ; s i i  . + i o n  i s  greater than 27.5 dB. 
I t  i s  poszible t o  increase tne f r e q ~ e n c y  reuse by employins po la r i za t i on  
d i ve rs i t y .  75;s maps tha t  h a l f  o f  t k e  cochanoel beams can have an e lec t ro -  
magnetic f i e l d  po ia r i za t i on  crthogonal t o  t he  other h a l f  (e.~.,  r i g h t -  
c i r c u l  a r l y  polar ized versus l e f t - c i r c u l a r i y  pol ar i red) .  Thus, i t  would be 
possible, for  a  given frequency reuse, t o  reduce the nunber o f  i n t e r f e r i n g  
bearrs by hal f ,  and t o  obta in b e t t e r  i s o l a t i o n  levels.  Cor~versely, 
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Figure 3-14. Contour Plo t  of Beam 87 In te r fe r i ng  With Beam 71. 
F o o t p r i n t  o f  Beam 71 i s  Shawn as  Dashed C i r c l e  
Figure 3-1 5. Contour Plot of I/C ( Interferencelcarrier) Levels 
qt Beam 71 (the Inner Circle; 
po1ar:zation d i v e r s i t y  can be used t o  increase the t o t a l  channels i n  the system 
t y  a fac to r  o f  7/4. However, a l l  t h i s  i s  possib le only  i f  the orthogonal ly 
polar ized beams have f a i r l y  pure po la r i za t i on  ( i  .e., very low leve l  s o f  cross- 
po la r iza t ion) .  This sets s t r i ngen t  requirements on the po la r i za t i on  proper t ies  
q f  the feed elements, which may be beyond what can be accompl ishea w i t h  micro- 
s t r i p  patch elements of the type proposed f o r  the MSAT feed design. However, 
an a l t e rna t i ve  systnm based on employing po la r i za t i on  d i v e r s i t y  i s  presented 
i n  Appendix C. 
3.6 S-RAND AKiENNA DESIGN 
Tile S-band antecna operates i n  the  frequency range o f  2655 t o  2690 MHz up1 ink  
~ n d  2550 t o  2585 MHz dowr,l ink  f o r  sate l  li te-ground s t a t i o n  tomnunication. 
f i g u r e  2-7 shows the berm iayout on the CONUS contour. The t o t a l  number u: 
beams i s  25 and each beam w i l l  serve approximately a 4-UHF bean coverage area. 
Since the bean inter ference requirenent i s  more o r  less the  sme as f o r  the UHF 
antenca, the sme design procedure i s  followed. E a ~ i :  beam i s  assmed t o  be 
prcduced by a 7-e lment  c:orter. Thjs means t h a t  the t o t a l  number o f  feed 
elenents are 50. The geometric charac ter is t i cs  3;' the  S-band antenna i s  given 
i n  Table 3-0. A6 overa l l  ga in o f  C = 44.5 dB i s  expected. 
1 Approximate Feed Array Dimensions 1 ? . 0 4 x 1 . 6 ? m  i 
I _  -- 1 -- - I 
3-56 
Tabie 3-6. S-Rand 3irect-Fed Of fset  Ref lector  Antenna Parameters 
- --- ! 
-7- I i Parameter ila! tie i I I 
I 
I 
I 
-1 
, Nmber o f  B e n s  C c v e r i ~ g  SGNUS 2 5 1 I I 
I I 
9 ~ .  Cross-Over Beamwidth f 0.9" I 
I t i 
' 9, 3 f t s e t  Reflector. Diameter ;O m 1 I I 
I 22 n 1 2  ?arent Pardboi o id  Ciameter 1 ! F' 
i I i O  m ! F ,  F O C ~ I  Length I I 
Ref1 ector Edge Offset  Height 1 j be. i m 
, 
' k c ,  Ref1 ector Center Of fse t  Height i t; n 
! 
i 
I F!D i I 
FA?F i C.45 
1 
? 
! haxinum Scanning i n  East-kest D i rec t ion  
I 
/ Maximum Scanning i n  Ncrth-South D i rec t i on  j Nwbe; Feed Elenents 
I 
1 BW I i 
2 BW 
5c 
I  
I 
BEAM FORMING NETMIRK 
As was pointed out i n  Section 3.4, w i th  the overlappfng c lus ter  feed concept, 
134 feed elements are required t o  f o m  the 87 UHF beams which cover CONUS. 
Each of the 87 beams i s  formed from a c lus ter  o f  seven feed elements where 
some o f  t k s e  elements are also shared w i th  the aaacent beams. Figure 3-16 
shows a segslent o f  the feed array which produces the beams for  the western 
ha1 f of the United States. The small c i r c l es  denote the aperture of  each feed 
element. The boundary o f  tk wester3 ha! f o f  the United States i s  also super- 
imposed on the same f igure i n  order t o  show the correspondence between the 
feed el?ments and the area f o r  which they provide coverage. 
I n  the l~omenclature o f  Fig. 3-16, aiiy feed element j serves as the *:enter 
element f o r  a 7-e le~ tmt  c lus ter  which forms the beam 5 .  I n  forming beam 17 
fo r  example, i n  addit:on to  feed element 17, elements 11, 12, 16, 18, 21, an3 
22 are also needed t o  f o m  a 7-element c lus ter  (see Fig. 3-16). This 7-element 
c luster  i s  then excited t o  form beam 17 i n  F iq .  3-2. 
On the other hand, element 11, fo r  example, $ s  not only par t  o f  a c l u s t e r  that  
forms beam 17, but i n  addition, i s  pa r t  o f  s ix other 7-element c lusters which 
form beams 6, 10, 15, 12, 7, and I?. Thus, feed element 11 contributes t o  the 
fo~mat ion of seven beams. 
I n  aeneral , i n  the 7-elenent overlapping c i  uster feed concept which i s  
presented i n  Section 3.4, every element serves as a center e lmcn t  f o r  one 
c lus ter  and i n  aGdi t i o n  serves as an aux i l ia ry  element i n  up t o  s i  K other 
clusters. Tbe or!y exceptions are the per'phoral feed element; 88 thtwugh 
134 which form a r i ng  a t  the outer e d g s  o f  the feed array, d s  shown i n  
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Figure 3-16. Feed Elment Layout f~ ; .  'w'estern United States.  
(The Circle Shows t5e Cluster fo r  Beam 1 7 )  
Fig. 3-9. These elenents which are introduced t o  c a p l e t e  7-element c lus ters  
f o r  the beams serving the geographical boundary o f  CONUS are not center 
elmtents for  any c lus ter  and ,only act; as aux i l  i a r y  elements. 
Fran the above description, i t  i s  c lear tha t  proper exc i ta t ion o f  the 134 feed 
elements requires an i n t r i c a t e  network. The r o l e  o f  such a network, which 
shal l  be referred t o  as the Beam Foming Network (BFN), i s  two-fold: 
a) The signals intended f o r  a given team must be divided seven ways, not 
necessarily a l l  equal, and each port ion i s  t o  be routed t o  one o f  the 
seven elements i n  the c lus ter  which proouces tha t  beam. 
b) Since most of the feed elements contr ibute t o  the formation o f  more 
than one bean, the signals from each of the beans associated w i th  a 
given element must be carbined before being routed t o  tha t  element. 
The problem, then, i s  how t o  connect a beam por t  of the BFN t o  the 7-element 
c luster  associated wi th that  beam and conversely how t o  connect each feed 
elenent t o  the seven d i f ferent  bean ports wi th  which tha t  element i s  associated. 
I t  i s  the purpose o f  the BFN t o  f u l f i l 1  t h i s  requirement. Figure 3-17 schemat- 
i c a l l y  i l l u s t r a t e s  the interconnections f o r  a port ion o f  the BFN required t o  
implement the layout shown i n  Fig. 3-16. On the l e f t  hand side are the beam 
ports numbered i through 87. Each beam port  i s  connected t o  a 7-way power 
s p l i t t e r  so tha t  a connection can be made t o  the >even elements associated wi th 
that  beam. The number o f  the associated element i s  shown t o  the r i g h t  of the 
power dividers. On the r i g h t  side o f  the f igure are the nunbers o f  the feed 
elenents which range f r ~ z  I t o  134. E'3ch element i s  connected t o  a 7-way 
power combiner so that  the element can be connected t o  the seven beams i t  
supports. To the l e f t  o f  the canbiners are the numbers o f  some o f  the beam ports 
Figure 3-17. Beam Forming Network (BFN) Schematic f o r  
Overlapping 7-Element Cluster  Feeds 
t o  which the feed element i s  connected (corresponding t o  the diagram o f  
Fig. 3-16). The physical implementation o f  the BFN w i l l  be discussed i n  
Section 2.13.2. 
3.8 RC SUBSYSTEM DESIGN 
The comnunication betweep mobile users and the spacecraft i s  over two 10 MHz 
3HF bands, i.e., 821-831 MHz and 866-876 MHz. The lower band i s  used i n  the  
mobil e- to-sate l l  i t e  1 i n k  and the upper band i n  the sate1 1 i te-to-mobile 1 ink.  
The c m u n i c a t i o n  between the s a t e l l i t e  and the base s ta t ions  i s  conducted 
over two 35 MHz S-bands. The base s t a t i o n - t o - s a t e l l i t e  uses the 2655-2690 MHz 
band and the sa te l l i te - to -base s t a t i o n  l i n k  i s  i n  the 2550-2585 MHz band. 
Simply stated, the r o l e  o f  the RF subsystem i s  t o  receive signal s from the base 
s ta t ions  i n  the S-band, t o  t rans la te  i t  t o  the  appropriate band i n  UHF, and t o  
t ransmit  i t  t o  the mobile user. This completes the rou t i ng  from the base 
s ta t ion- to -sa te l l  i te-to-mobile i n  the forward channel. I n  the reverse 
d i rec t ion ,  the RF subsystem i s  t o  receive signal s over the UHF band from the 
mobile userq, t o  t rans la te  these s ignals t o  the S-band and to  ret ransmit  them 
t o  the bas? stat ions. There are several key decisions which a f f e c t  the design 
o f  the kF subsystem. These consl'derations are discussed below. 
Locat ion o f  the Beam For:iiiin2 Network 
The concept and the need f o r  the BFN was introduced i n  the previous section. 
The l oca t i on  o f  the RFN w i t h i n  tho RF subsystem requires a t radeof f .  Two 
candidate locat ion5 are shown i n  Fig. 3-18 which depict  the UHF t ransmit  
po r t i on  o f  the RF subsystem. I n  e i t h e r  locat ion,  the BFN i s  a network w i th  87 
input  por ts  and 134 output po r t s  which interconnects the signals intended f o r  
the 87 beams t o  the 134 feed elements which form these beams. 
A s  discussed i n  Section 3.7, the BFN requires 7-way combiners p r i o r  t o  each 
element p o r t  and thus i s  very lossy. Losses up t o  10 dB may be expected. 
For t h i s  reason, conf igura t ion  o f  Fig. 3-18(a), where the BFN i s  placed a t  the 
high-power s ide o f  the High Power Amplfiers (HPA), i s  no t  p r a c t i c a l  due t o  the 
enonnous loss. MSAT requi res approximately a t o t a l  of 2 k#  o f  the RF power 
out  o f  i t s  UHF t ra rsm i t t e rs  (see Sectfon 3.10). With the 10 dB loss  associated 
w i th  Fig. 3-18(a), t h i s  requirement w i l l  have t o  increase t o  20 kU.* 
A second choice f o r  the l oca t i on  o f  the BFN i s  a t  the low-power l eve l  o f  the 
HPA as shown i n  Fig. 3-18(b). For t h i s  conf igurat ion, even though the BFN 
s t i l l  loses approximately 10 a, the l oss  occurs a t  a low-power l eve l  and w i l l  
be only a few watts ra the r  than several k i l owa t t s  as was the case i n  the 
previous conf igurat ion. However, as i n  a l l  engineering problems, one pays a 
p r i c e  f o r  the advantages gained. I n  t h i s  new c ~ n f i g u r a t i o n ,  the e n t i r e  system 
beccmes much more sens i t i ve  t o  the p h a ~ e  e r ro rs  introduced by the power 
ampl i f i e r s  as discussed be1 ow. 
Power amp l i f i e r s  normally introduce phase e r ro rs  i n  the sense t h a t  the output 
signal phase d i f f e r s  from t h a t  o f  the input. I n  addi t ion,  the amount o f  t h i s  
phase e r r c r  i s  dependent 3n the amplitude o f  the input  signal, thus g i v ing  r i s e  
to  t h ~  tenninol ogy "ampl i tude-to-phase modulation conversiori" o r  IAM/PM).  
Furthermore, the AM/PM chzrac ter i  s t i c  of power ampl i f i e r s  d i f f e r s  from one 
u n i t  t o  the next and i s  temperature and age dependent. 
* The foregoing discussion does not  apply t o  the S-band beam forming network. 
Since the power requirement f o r  an S-band channel i s  minimal (MSAT needs a 
t o t a l  o f  1.6 W i n  the S-band f o r  a l l  o f  the 8,265 channels), the S-band beam 
forming network can be placed a t  the high-pcwer l eve l  o f  the S-band trans- 
m i  t t e r  w i t h  miaimal power loss. 

To i l l u s t r a t e  the s e n s i t i v i t y  o f  the c o n f i g u r a t i o n  i n  F ig .  3-18(b) t a  r e l a t i v e  
phase e r ro rs ,  consider beam 17 which i s  formed from feed elements 11, 12, 16, 
17, 18, 21, and 22, (see Fig. 3-16). A s igna l  intended f o r  beam 17 i s  d i v i ded  
i n t o  seven p a r t s  by the  BFN and then edch p a r t  i s  routed through a d i f f e r e n t  
power ampl i f i e r ,  seven i n  a l l ,  before reaching the aforementioned seven feed 
elements. Since a f t e r  t h e  7-way d i v i s i on ,  d i f f e r e n t  po r t i ons  of  the same 
s igna l  a re  routed v i a  d i f f e r e n t  paths and thus a re  exposed t o  d i f f e r e n t  phase 
e r ro rs ,  i n t e g r i t y  o f  the  f a r - f i e l d  RF pa t t e rn  f o r  beam 17 w i l l  be compromised. 
To prevent t h i s ,  steps must be taken t o  insure  t h a t  e i t h e r  the HPAs' r e l a t i v e  
phase e r r o r s  remain w i t h i n  an acceptable to lerance l eve l ,  o r  a phase t r a c t i n g  
network must be inc luded i n  the RF subsystem i n  order t o  compensate f o r  
r e l a t i v e  phase er rors .  The r e s u l t s  o f  a cursory  study on the acceptable l e v e l  
o f  phase e r r o r  i n  the RF subsystem are present2d below. 
3.8.2 C l u s t e r  Feed Element E x c i t a t i o n  Tolerances 
I n  order  t o  mainta in  the requ i red  i s o l a t i o n  between the var ious beans a t  o r  
b e t t e r  than some s p e c i f i e d  value, t he  beam's sidelobes must be kep t  lower than 
a given l e v e l .  However, e r ro r s  i~ the e x c i t a t i o n s  o f  each element o f  a beam's 
7-el  ement c! us te r  can cause the  beam RF p a t t e r n  and s ide lobe s t r uc tu re  t o  
degrade and i n  t ~ r n  cause a reduct ion i n  beam i s o l d t i o n .  Contr ibutars  t o  
exci  t 3 t i  on 3 r r o r s  i n c l  ude such th ings  a s  ampl i f i  e r  ampl i tude and phase v a r i  a- 
t i ons ,  ten~peraturc  induced phase erroi-s, manufactur ing tolerances, ar;d m i  s:natch 
e r ro rs .  
A study was performed t o  determine the l e v e l  o f  e r r o r s  i n  the e x c i t a t i o n s  t h z i  
could be t o l e r a t e d  and s t i l l  probide iow s ide lobe leve ls .  To j i ~ u . u ! a t e  exc i  t a -  
t i o n  e r ro r s ,  a ser ies  o f  normally d i s t r i b u t e d  random numbers were compu7.eQ w i t h  
s+andara t levirr t ions equal t o  var fous arnpli tude and p h a s  e r ro rs .  Appropr ia te  
ampl i t u d e  and phase r a n d m  samrles were used t o  a d j u s t  t he  ampl i tude exc i t a -  
t i o n s  and the phase e x c i t a t i o n s  and thus s imulate  the  e r ro rs .  The degraded 
beam pa t te rnc  were then computed. Subsequently, a worst-case envelope was 
const ructed f o r  a1 1 the  pa t te rns  computed.* 
F igure  3-19 shows envelope pa t t e rns  computed i n  t h i s  manner f o r  t he  p lane o f  
the  antenna o f f s e t  as w e l l  as orthogonal t o  t h a t  d i r e c t i o n .  For  each plane, 
two pa t te rns  are shown, one f o r  unperturbed e x c i t a t i o n s  (no e r r o r s )  and a 
second w i t h  e x c i t a t i s n  e r r o r s  o f  1/2 dB standard dev ia t i on  f o r  ampl i t u d e  and 
10  degrees stdndard dev ia t i on  f o r  phase. For all azimuth angle  o f  0 degrees, 
the  no e r r o r  case h3d about 35 dB sidelobes which degraded t o  30 dB f o r  the  
per turbed case. For a7 a z i r n l t h  ongle o f  90 degrees, the  s idelobes went from 
30 t o  29 dB. 5everal observatfons can be m;;de. One, the e r r o r s  o f  the  
magnitudes considered a f f ec ted  p r i m a r i l y  t he  p a t t e r n  w i t h  t he  bes t  sidelobes, 
and had l i t t l e  e f f e c t  on the ? a t t ? r n  w i t h  t he  poorer sidelobes. Thus, t he  
poorer the s!delooes, t he  l a r g e r  t h e  e r r o r s  must be t o  have an apprgc iab le  
a f f e c t  on the pa t te rns ,  Second, as might  be expected, t he  e r r o x  cdused the 
sidelobes t o  become i arger, t he  nu1 1 s t o  f i l l  i n ,  and t he  nlai n beams tcl become 
Dyoader. Las t l y ,  s ince i n  the  design o f  the  UHF antenna, pa t t e rns  w i t h  s ide- 
lobss of roughly  35 38 are assumed, i t  i s  f e l t  t h a t  i n  t he  e x c i t a t i o n  o f  t h e  
feed elements. a 10-degree phase e r r o r  and a 1/2 dB ampl i tude e r r o r  must no t  
he exceeded. Howevers, f u r t h e r  s tudy i s  necessary t o  r e f i g e  these numbers. 
* F o r  each s taa iq rd  dev ia t ian ,  a sequence o f  seven samples from d random number 
g~ne ! ' a to r  w l s  selected t o  ciinula t e  the e r r o r  'n ~ x c i  t a t i o n  o f  each element 
w i  t q i  n d ?-e l  ement ,I uster .  The resu l  ti nq degraded p a t t e r n  was s i g n i f i c a n t l y  
d i f f e r e n t  de~enb ing on the p a r t i c u l a r  7-samp:e sequence used i n  a stream o f  
rdndom sar~?oles generated corr-csponding t o  2 qiven sta:,;lard dev ia t ion .  For  
t h i s  pur;ose, a unrst-case envelope Nas used. 
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Figure 3-10. MSAT Antenna Pat terns Showing E f f e c t s  o f  C luster  E x c i t a t i o n  
Er ro rs  (0.5 LIB Amp1 i t ude ,  10 Degree Phase) 
Based on overall amplitude and phase tolerances of 1 / 2  dB and 10 degrees and 
assurni ng that the contributing errors are uncorrelated, the overall system 
error can be divided into four sources o f  errors of 114 dB amplitude and 5 
dagrees phase each. The error sources include those devices that are located 
af ter  the point where the bearc signal i s  sp l i t  into seven separate paths and  
include, 1 )  the beaw forming network, 2 )  the amplifiers, 3 )  the diplexer, and 
4)  the feed aperture distortions. 
3.8.3 -- RF Subsystem Block Design 
A block diagram of the f iF sub-ystm i s  shown in Fig. 3-20, consisting of the 
following U H F  and S-band elements: cluster feed antenna radjators (134 and 
50 respect.ively) , dip1 exers, 1 ow-noi se avpl i f ie rs ,  beam forming networks, ~ n d  
translator transponders. A simplified fun .ion21 block diagram for a typical 
UHF/S-band translator* transponder i s  shown in Fig. 3-21. S-band beam number 
13 and i t s  four associated U H F  beams 33, 38, 37, and 44 are used as an 
tuample. (Also see F i j s .  2-5, 2-7 and 2-8.) 
The UHFjS-b6nd translator transponders must perform the following functions: 
1) Translate the signale from u p  t o  four UHF uplink beams t o  one 
S-band beam for retransmission to the 1 ocal base station. 
2 )  Separate ?nd translate the signals on the S-band up1 ink beam into 
the appro~riaie U H F  downlink beams (1-4 beams per S-band uplink 
beam). 
3) Provide appropriate u p  and down conversio~s, signal amp1 ification 
and f i l ter ing to imp1 ement the required frequency translations. 
4 )  Generate the appropriate c p  a n d  down conversion local oscil lator 
signals f r m  an integral frequency synthesizer. Local oscil lator 
frequency stabi  1 i t y  w i  1 1 be provided by phase ock. I ng the frequency 
synthesizer t o  a p i l o t  tone provided by the base stat ion.  
5 )  Provide the appropriate input  d r i v e  l eve l  s t o  the UHF and S-band 
down1 ink power ampi i f i ers. 
It i s  ant ic ipated t h a t  the system w i l l  u t i l i z e  a t rans la to r  transponder per 
S-band beam. Assuming each t r a n s l r t o r  trmsponder weighs approximately 9.1 kg  
(20 l b ) ,  then the t o t a l  weight f o r  25 UHF/S-band t rans la to r  transponders w i l l  
be 227.5 kg (500 l b ) .  
The block dfagran i n  Fig. 3-20 i s  d iv ided i n t o  three segments t o  ind ica te  the 
physical locat ion  o f  eacn segment. For both the  S-band and the  UHF, biN,  t:PAs, 
LNAs, and d ip lexers are colocated w i t h  the feed e l  emenls and are housed i n  the 
respect ive S-band arid UHF feed array assmbl i e s  as discussed i n  Section 3.12. 
The remaining e lectronics,  i .e., the trans1 ator/transponder, are located i n  
the  bus. Table 3-7 gives a weight sumnary f o r  the e lec t ron ics  houzed i n  each 
section. 
Table 3-7. fF Elec t ron ic  Weight Summary 
1 Locat ion I Weight kg ( I b )  I 
I 7- 
I I 
-1 
i 
I WAF Feed RF Electronics 1 304.5 (670) i 
I 
I Bus E lec t rcn ics  
i 
I S-band Feed Electronics 1 35.5 (78) I I 
I 
- 
I 
--- 
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3.9 TELECOMMUNICATION LINK BUDGETS 
The design o f  power, thermal , and RF subsystems f o r  MSAT i s imp1 i c i  tl y 
dependent on the power-per-channel requirement a t  the sate1 1 i te t ransmit ter .  
The purpose o f  t h i s  sect ion i s  t o  es tab l i sh  the requi red power-per-channel no t  
on ly  f o r  the sate11 i t e  t ransmi t te r  bu t  f o r  the mobiles and the base s ta t ions  
as well. Various l i n k  parameters are i d e n t i f i e d  and t h e i r  e f f e c t  on per  
channel power i s  shown thrcugh the use o f  l i n k  budget tables. Further study 
i s  required to  ccnvetst these tables t o  standard Design Control Tables (DCT) i n  
order t o  eval date th? t e l e c m n i c a t i o n  oerformance. 
HSAT provides direct- to-the-user service and as such must communicate w i t h  
small mobi i e antennas a2d f a i  r i y  simp1 e transceivers. Thi s then estahl isnes 
the f i r s t  cons t ra in t  i r i  designing the t e l e z o m n i c a t i o r !  l i n k s  f o r  MSAT. The 
mobile antenna i s  small and because the vehicle? constant ly  moves aboilt, the 
antenna must be omnidirectional i n  azimuth and may have on ly  a marginal 
gain i n  the elevat ion. 
The above charac ter is t i cs  o f  the mc3ile antenna g ive  r i s e  t o  another problem, 
namely fading. Typical ly ,  a  nob bile receiver  encounters two types o f  propaga- 
t i o n  anomal ies: ( 1  1 d i r e c t  path wave at tenuat ion due t o  obstruct ions such as 
structures, h i l l s ,  etc., which i s  known by the t e n  "shadowing," and ( 2 )  
r e f  1 ec ted and delayed waves simul taneousl y a r r i v i n g  a t  the receiver from 
d i  f fe ren t  a i  rect icns,  knclwn as "mu1 ti path fading," because the mu1 t i p 1  i c i  t y  o f  
waves tend t o  add o r  subtract  i n  a t ime-varying fashion. Fading i s  o f  course 
very much a func t i o r  g f  the l oca l  t e r r a i n  and imnediate environment. A mobile 
roaming i n  an urban area may experience a severe fade, whereas a suburban o r  
r u r a l  roamer, due t o  the r e l a t i v e l y  open spaces, may be subjected t o  less  
mu!tipath and thus l ess  fading. It i s  expected t h a t  i n  the  r u r a l  areas the  
gr3und r e f l e c t i o n  would be the majcr source o f  mu1 t i  path f o r  the nor thern 
par ts  o f  CONUS where the  e levat ion  angle t o  the  s a t e l l i t e  i s  low. 
To mainthin acceptable performance, the  sate1 1 i t e lmob i l e  1 i nk  must have 
s u f f i c i e n t  margin t o  a l low f o r  fading. This margin would be subs tan t i a l l y  
h igher  i f  i n  add i t ion  t o  fading, shadowing i s  a lso t o  be considered. However, 
due t o  the severe penal ty  t ha t  such a margin would impose on the  MSAT power 
requirement, and since hSAf's primary serv ice area i s  i n  the  r u r a l  area which 
presumably i s  vo id o f  too many man-made structures, shadowing margin has not 
been included i n  the MSAT l i n k  design tables. 
Tables 3-8 and 3-9 present the  telecommunication l i n k  budgets for the t r ~ o  
segnlents o f  the forward 1 ink  (base stat ion-to-sate1 1 i te-to-mobi le).  Tables 
3-10 and 3-11 g ive the  budgets f o r  the  re tu rn  l i n k  (mob i le - to -sa te l l i te - to -  
base stat ion) .  I n  a l l  cases a budget begins w i t h  the car r ie r - to -no ise  require- 
ment a t  the stated terminal and progresses backward i n  a l o g i c a l  manner through 
the various l i n k  parsmeters t o  a r r i v e  a t  the end requirement, namely the  per 
zhannel t ransmi t te r  power f o r  the signal source. The tables are st ructured t o  
show the key parameter, i.e., the per channel power, as the  b o t t m  l i ne .  
Figure 3-22 p i c t o r i a l l y  s m a r i z e s  the  sa l i en t  pat ameters f o r  both the forward 
and the r e t u r n  l inks .  The value of many parameters shown i n  these tables 
var ies as a func t ion  o f  the l oca t i on  o f  the  mobile receiver  w i t h i n  the  coverage 
area. Further study i s  needed t o  develop models which provide s t a t i s t i c a l  
d i s t r i b u t i o n  f o r  each parameter over the coverage area. Only then can one 
analyze the telecomnunication performance of the LMSS as a functSon o f  the 
percentage of l oca t i on  and percentage o f  t i i re  f o r  which a given performance 
i s  achieved. 
3-73 
As i s  seen, each budget has conments which help exp la in  why a  p a r t i c u l a r  
parameter has been given i t s  s tated value. I n  some cases, however, f u r t h e r  
expl anation i s warranted. The sate1 1  i te-to-mobi 1  e l i nk as stcm.*ri~ftd i n  
Table 3-9 i s  the  most c r i t i c a l  o f  the four  l i n k s  because i t  establishes trs 
power requf r e m ~ n t  o f  MSAT. Accordingly, t h i s  1  ink  i s  discuss2d i n  s o w  
deta i  1  be1 ow. 
Line I tern 1 : The required c a r r i e r -  to-thermal noise r a t i o  a t  the mobi le 
receiver  i s  establ ished by assuming a requi red car r ie r - to -overa l l  noise r a t i o  
o f  10 dB. Other sources o f  noise are taken t s  be the up1 ink  thermal noise, 
the i ntemodul a t i o n  noi se, and the  cochannel in ter ference noi se. I f ,  f o r  
s imp l i c i t y ,  i t  i s  assumed t h a t  a l l  the noises are add i t i ve  and independent, 
then one can w r i t e  
where K O R ,  NTD, !~Tu, NIM, ana N C I  demte the overa l l  noise, the down1 ink  
thermal noise, the uul ink thermal noise, the intermodulat ion noise and the ne t  
cochannel interference noi se, respect ively.  I n  t h i  s  equation, the r a t i o s  are 
n u m ~ r i c a l  r a t i o s  and not decibels. Assumirq a  20 dB car r ie r - to -up l ink  thermal 
noise r a t i o ,  a  25 dB carr ier - to- in termodulat ion noise r a t i o  and a  1 7  dB n e t  
c a r r i e r -  to-cochannel in ter ference noise r a t i o ,  Eq. ( 3 - 9 )  ind icates t h a t  the 
down1 ink carr ier - to- thermal  noise r a t i o  must be 1  i m i  ted t o  11.8 dB i n  order 
t o  achieve a ca r r i e r - t o -ove ra l l  noise r a t i o  of 10 dB. 
Line I ten 2 : The LNSS design presented i n  t h i s  docunert uses 15 KHz channel 
spacing. One way t o  achieve t h i s  i s  t o  use Envelope Normalized (EN) cohk 
panding f o r  the voice 1 inks (see Chapter 4 f o r  deffni t i o n  and discussion!. As 
a resul t ,  the q q u i r e d  FM transmitter peak devjat ion i s  mch  less than t ha t  
normally associatic! w i th  voice FM l inks ,  and the i F  bandwidth preceeding the 
FM receiver 's discriminator need on13 be 10.2 KHz. 
Line Item 4: It i s  well known tha t  w i th in  metropol i t a n  areas a certai.1 
-
amount o f  man-made radio noise (due t o  such sources as a u t m i t i v e  vehicles, 
power transport f ac i l i t i e s ,  i ndus t r ia l  eqtiipaent, etc.) w i l l  be manifest a t  
the mobile receiver. A1 though the LHSS i s  not designed t o  serve the greater 
metropol i tan areas, i t  w i  11 be required t o  provide sa t i  sfactory performance i n  
suburban ( f r inge)  envimmnents. As a resul t ,  based upon data taken from the 
IT[ iCandbook, a man-made noise a1 1 onance o f  T, = 1.6 To (o r  To + 2 dB I ,  w i  t h  
To equal t o  290 K, has been made. Addit ional ly, 2.5 dB o f  loss  has been 
al located t o  allow for  cable loss, diplexer loss, and generally a l l  other 
losses between the mobile vehicle antenna and the receivers f r on t  end. 
Line Item 6: I n  implementing an FM receiver, small losses are incurred due 
t o  the physical (rather than theoret ical)  behavior o f  the various components. 
The cunulat ive losses f o r  the mobile FM receiver are expected t o  be typically 
2 dB. 
L in -  Item 11: MSAT uses the same UHF antenna f o r  both t ransmit t ing and 
receiving. The diplexers are used t o  i so la te  the receiver and the trans- 
m i t te r  from one another. The diplexers inser t ion loss as well as cable loss 
i s  expected t o  oe 1 dB. 
L i n e  I tem 12: - U t i l i z a t i o n  o f  EN FM requ i res  t ransmiss ion o f  t he  e ~ u e i a p e  
o f  t h e  voice s igna l  i n  a d d i t i o n  t o  t h e  modulated vo ice s igna l .  Th is  i n -  
format ion i s  necessary by the  rece i ve r  t o  perform expending (see Chapter 4, 
Sect ion 4.2.2). I t i s  expected t h a t  1  dB o f  power w i l l  be necessary t o  t rans -  
rii t t h i s  add i t i ona l  i n fo rmat ion  which w i l l  be modulated on a  subcarr ier .  
L i n e  I t e m  13-17: The va lue o f  these parameters changes as  a  f u n c t i o n  o f  
the  l o c a t i o n  o f  t he  mobi le  r ece i ve r  i n  the coverage area. Each parameter i s  
discussed below. 
a) Mu1 t i p a t h  Fading. By d e f i n i t i o n ,  LMSS mobi les  a re  no t  designed t o  
operate under shadowed condi t i ons ,  meaning t h a t  if shadowing occurs, 
i t  i s  tne  mob i le ' s  respons ib i l  i t y  t c  move t o  an area where shadowing 
does no t  ex i s t .  On t he  o ther  hand, i t  i s  imposs ib le  t o  e l im ina te  
nu1 t i p a t h  recept ion,  even i f  t he  veh i c l e  i s  a t  a s t a n d s t i l l .  Based 
upon t h e  r e s u l t s  o f  propagat icn t e s t s  between mobi les a c t  ATS-6, a 
mu l t i pa th  f ad i ns  allowance of  5 dB iias heen assigned. Fur ther  s tudy 
i s  warranted t o  va l  i d a t e  t h i s  allowance. 
b:  Edge o f  Coverage. It was mentioned i n  Sec t ion  3.4 t h a t  the crossover 
l e v e l  (COL) between two adjacent beams i s  a t  2.8 dB. Furthermore, t h e  
t r i p 1  e  crossover l e v e l  TCOL, i s  3.76 dB down from the bores igh t  o f  the  
a d j a c e ~ t  th ree  beams isee F ig .  3-3 and Tab1 e 3-51. A l lowing s l i g h t l y  
more gdin l o s s  f o r  53me l oca t i ons  a t  the CONUS' boundary, i t  can 
gene ra l l y  be sa id  t h a t  the  s a t e l l i t e  antenna ga in  i n  any d i r e c t i o n  i n  
the  coverage area i s  no more than 4 dB down from the c l oses t  beam bore- 
s igh t .  Stated another way, a 4 dB margin rnust be added t o  account f o r  
l o s s  o f  t r a n s m i t t i n g  antenna gain a t  the edge o f  the  coverage area. 
c )  Mobile Antenna Pointing. The mobile antenna i s  expectsd t o  be omni- 
d i rec t i ona l  i n  the  azimuth and have a maximun gain o f  5 dB a t  some 
e levat ion  angle. As the  mobile moves about the coverage area, 
possib ly  moving on the u p h i l l  o r  downhi l l  roads, the  d i r e c t i o n  of the  
maximum antenna gain w i l l  not always be pointed toward the  s a t e l l i t e .  
Typical ly ,  a 2 dB po in t ing  l oss  may be associated w i t h  the  mobile 
antenna depending on i t s  l oca t i on  w i t h i n  CONUS. (For  more in format ion 
on the  mobile antenna see Chapter 4.) 
d) S a t e l l  f t e  Antenna Pointing. As discussed i n  Sect ion 3.2, MSAT's UHF 
antenna i s  t o  provide a po in t i ng  s t a b i l i t y  o f  0.04 degrees. This means 
t h a t  a po in t  a t  the edge o f  the  coverage area o f  a beam may lose  an 
addi t ional  1 dB i f  the  beam i s  sh i f t ed  by 0.04 degrees (see Tab;e 3-5). 
e) Scanning Loss. The 87 UHF beam layout suggested f o r  the LMSS r e s u l t s  
i n  approximately - +8 beanwidth scanned i n  the  east-west d i rect ion.  The 
gain f o r  the most scanned beam deter io ra tes  by approximately 0.5 dB 
r e l a t i v e  t o  the oc-dxis beam a t  the center  o f  the  coverage area. 
Addins the margin f o r  a l l  o f  the  above f i v e  fac to rs  r e s u l t s  i n  a cumulative 
margiv o f  12.7 dB. 
L ine  Item 19: I n  a two-wzy ccnversation each speaker on the average i s  
expected t o  speak 50 perter: o f  the time wh i le  l i s t e n i n g  the  o ther  50 percent. 
€ken dur ing the 50 qercent o f  the t e l k i n g  period, the  speaker i s  expected t o  
pause between sy l lab les  and a lso between words and sentences. If a l l  the  
pauses t h a t  are expected t o  l a s t  f o r  more than approximately one second are 
accounted for ,  there w i l l  be roughly d 60 percent s i l e n t  per iod  on any one-way 
channel. A1 te rna t ive ly ,  s ince the voice i s  present only  40 percent o f  the  
time, Voice Operated Switching ( V O X )  may be employed to  t u r n  the c a r r i e r  on and 
o f f  a t  the mobile and a t  the  base s t a t i o n  t ransmi t te rs  when the voice i s  no t  
present. When a la rge  number of channels a r z  considered, u t i l i z a t i o n  o f  i S i  
resu l t s  i n  a 4 dB power saving cn the spacecraft. Accordingly, the averaqe 
t ransmi t te r  power-per-channel ( 1  i ne  19) i s  4 45 1 ess than the roqui red power- 
per-channel ( 1  i n e  18). 
Table 3-8. Base Station-To-5;itellite L ink  Budget 
---- -- 
Parameter Value 
-.- 
Comnent 
-- 
! 
i 1 I(cq~,i r e d  Czr r ie r - to -Thenna l  20 dB 
I Y o i w  Ratir)  ( L ' / t O ' R )  
1 C a r r i e r - t o - N o ? s e  Fens;ty Ra t io  60.1 &Hz 
i iC!Yo) I F t  f e c t i  ve i i ece ive r  T e m p e r j t u r ~  37.6  8 K  ( 5300 K 
I 
I 
I 
1 5  Eol t m a n n  Constabi  -728.6 d B W r H z - K  
1 fi Mi scel l3ne9us Receiver Lost 1 46 
I 
i ' Realif r e d  Recr i ved ?o+r -129. 3iJY 
I a Rece iv ing  Antem3 b a i n  4 4 . :  dBi 
9 Free $pace Loss 
(F  = 2,6,'3, A = 11.2 :.m) 192.7  dB 
1 C T r a n s m i t t i n g  Antenna L a i n  35.?ddBi 
l! T r a n s m i t t i n ?  C i r c u i t  Lcsses 1 dil 
At toe i q p u t - t n - s 3 t e ; l i t z  
5-band i -ecc iver  
I 
I 
1 
Assmiicq Envelcpe Normal i:ed 
Et! FM. iCh3nnel Spacing = 15 KHL; 
Inc ludes:  290 K Ear t t l  s 
temperature, 2 r e c e i v e r  
noise f i g u r e ,  1 dh d i p l e x e r  
and cdb le  losses  aod 18 dB 
Sean! forming network 'oss 
Corresponds t o  a i G - m  d i s 3  I 
a t  f requency 2.673 Yiiz 
(G:T = 7.1 dB) i I 
Var ies from 132.3 di3 f;r 
s o ~ t h e r n  C3NL'S t a  193 & fc i -  
no r theas te rn  CCNZ' f 
1 :2 Cont ro l  i i g n a l  Poser Requir-cnt f dE 
f 13 Cdje o f  Coverage AT 1 w*'a?ce 3 & The base s t a t i o n  may be locd:~:d 
i a t  roe edze of xre beam i 
I 
I i G  S a t e l l i t e  P o i n t i n g  Lass C.5 d5 I 
I I ! Scanning :oss 3.5 I!? 1 
Required Transmi ~ t e r  Por"r- -11.8 dB ( 7  1 - ( $ 4  1 " )  + ( 9 + l  1+1?t 13+13+15) 
Fp~--ThanneI (06 m"! I 5 ; P C  EIYP = 23.1 ! I 
I 1' I a v t r a j e  ~ra2q.n: t t e r  Power- -15.E CPN F s r  40  pe rceq t  v c : ~ e  E i t l v l t y  I 
I Per . . 'hdnwl J ~ i t i ~  'JOX ( 2 h  MU! f a c t o r  
L--- ---- ------- --- - -  
I 
Table 3-9. Sate1 1 ite-To-Mobile L i n k  Budget 
L i n e  I t e m  Parameter 
- 
Value - Conmcnt --- i I 
I '  Down1 i n k  Carr ier-to-Tt,ermal 11.8 dB A t  t h e  i n p u t - t a - s o b i l e  Nsise R a t i o  ( C / N ~ ' B )  
I r e c e i v e r  
i * I F  Bandwidth (B = 19.2 KHz) 40.1 dBIiz Assunring Envelope Normal i zed (El i)  F!4 (Channel Spacing = 15 KHz) I t a r r i e r - t o - N o i  se D e n s i t y  51.9 &Hz ( 1 )  + ( 2 )  R a t i o  (C/No) 1 E f f e c t i v e  Receiver  Temp:rature 30 d9K Inc lcdes :  464 K sa~borban (491 L I  noise, 2.5 dB i n p u t  c i r c u i t  ! l o s s  and a r e c e i v e r  no ise  f i g u r e  o f  2 dB I f 
1 5  I Bol tznaan Constant -228.6 dBW/Hz-K I ! Misce:7aneous qeceiver  Loss 2 dB 1 
1 
i I Requi ref! Received Power -144.7 dBw 
I 
13)  + ( 4 )  + (5) + (6) 
1 8  Maximun, Mob i le  Antenna Gain 5 dBi 
I (GI1 - -?5 dB) I 
I 
1 s  f r e e  Space Loss Free space l o s s  v a r i e s  f rom 
I (i = e71 M Y z , 8 ?  34.44 cm) 182.8 dB 182.5 dB f o r  southern 
i 
i CONUS t o  183.2 dB f o r  n o r t h -  eas te rn  CONUS I 
! 
:O T r a n s m i t t i n g  Antenna Sain 50 d6 i  
I i 11 Transmi :ti ng C i  I c u i  t Losses 1 dB 
! I 
i ? '! Cont ro l  S igna i  Power Requirement 1 dB I 1 13 Mu1 t i p a t h  Fading 5 dB I 
Edce o f  Loverage A1 1 owance 4 dB 
i I I 15 Mobi 1 e Antenna P o i n t i n ?  Loss 
I 
2 d6 I 
I 17 Scanning Loss 12.5 dE. I i i 
l e  Required Traqsmi t t e r  P o ~ e r -  -2.2 dhd ( 7 )  - (S~1!1!+!9+1 1+12+13 
Per-Channe: ( ~ , . 6  2) +14+15+16+17 1 
I [SCPC E I R P  = 46.8 dBW) 
i 
i 
I 19 Average Transmi i t e r  Power- -6.2 dBW For 40 percent  v o i c e  Per-Channel U.i ng V O X  (0.24 W )  a c t i v i t y  f a c t c r  j -- 
Table  3-10. Mobile-To-Sate1 1 i t e  LO nk tludget 
L i n e  I t e m  Parameier Value C onment 
- 
1 Required C a r r i e r -  to-Thermal 20 dB At t h ?  i nput - to -  sate1 1 S t e  
Noise R a t i o  (C/N,'B) UHF r e c e i v e r  
,. 
L IF bandwidth ( R  = 10.2 KHz) 40.1 &Hz 
3 C a r r i e r - t s - N o i  se Oensi t y  60.1 &Hz ( 1 )  + (21 
R a t i o  ( C / N o )  
4 E i f e c t i  ve Receiver  Temperature 27.7 d6K Inc ludes:  290 K E a r t h ' s  
(580 K) temperat i i re, 1 dB 
cab12 and d i p l e x e r  loss ,  
2 dB r c c e i v e r  no ise  
f i g u r e  
5 601 tzmann Constant -228.6 dBW/Hz.K 
6 M i  sce l  laneous Receiver  Loss 1 dB 
7 Requi red Received Power -139.8 dBU ( 3 )  + ( 4 )  + (5) + ( 6 )  
8 Receiv ing Antenna Gain 49.7 dBi G/T = 22 dB 
9 F ree  Space Loss 
(F  = 826 MYz , x = 36.32 cm) 182.4 dB Var ies f rom 182 dB f o r  
southern CONUS t o  182.7 
f o r  no r theas te rn  CONUS 
10 T r a n s m i t t i n g  Antenna Gain 5 dR 
11 T r a n s m i t t i n g  C i r c u i t  Losses 2.5 dB 
12 Con t ro l  Signal Power Requi rerne~t  1 dB 
! 3 Mu1 t i p l e  Fading 5 dB 
14 Edge o f  Ccverage Allwance 4 dB 
15 Mobile Avtennz P o i n t t , t q  Loss 2 &. I 
l o  Satei 1 i t e  Antenna Po in t i r tq  Loss 1 dB I 
17 Scanning Loss 0.  S dB I I 
1 9 Required Transmi ttrr Power- 3.9 d9d ! ' J )  - !8 + 10) + ( 9  + !l 
Per-Channel 2.45 Y + 12 +13 + 14 + 1 5  + 16 + 17) 
(SI;" C E ! ?  = 6 - 4  dP2) 
--- -- --. ----- 
Table 3-1 1. Sate1 1 ite-To-Base S t a t i o n  L i  nk Budget 
I ~ i n z ~ t e m  Parameter - Vdlue - -  Comment - - --- --- - 
I I Down1 i n k  C a r r i e r -  to-Thermal 11.8 dB At  the i n p ~ t - t o - t h e - b a s e -  Noise Rat io  (C/NOaC) s t a t i o n  r e c e i v e r  I I F  Bandwith (B = 10.2 kHz) 40.1 #Hz 
Car r ie r - to -No i  se  Densi ty  R a t i o  51.3 dRHz ( 1 )  + ( 2 )  
(C/No) 
4 E f  f e c t i v ~  Receiver  23.6 dBK Inc ludes:  2 dB r e c e i v e r  ] 
(290 K )  no ise f i g u r e  and 1 dB 
cab le  and diplexer :oss 
I 
I 
l 5  Rol tzmann Constant -228.6 dBW/Hz.K I 
ni s c e l l  aneous Receiver  Losses 1 dB I 
Required Received Power -151.1 d3W ( 3 )  + (41  (5) 15) 1 
Receiv ing 4ntenna Gain 35.5 dBi 3-n 4 i s h  
(I>/T = 10.9 dB. 
1 Free Space Loss ( F  = 2568, :!= 11.7 cm) 192.3 d3 Var ies from 191.9 dB f o r  southern CONUS t o  192.6 dB 
f o r  nor theas te rn  CONiJS I 
I T r a n s m i t t i n g  Aritennd Gain 44.5 ri!-i I 
I 12 Contro l  Signal Power R e q ~  irement 1 dB 
1 l3 Edge o f  Coverage A1 lowance 3 dR I 
1 14 S a t e l l i t e  P a i n t i n g  Loss 0.5 dB I I 1 15 Scanning Loss 0.5 dB 
I I 1 Required Transmi t te r  Power- -32.8 dl! ( I )  - (8 + 10) + ( 9  + 1d Per-Chaonel (0.5 m i )  + 11 + 12 + 13 + 14 + 15) ( S C P C  E I R P  = 10.7 df!iJ) 
Average Transmi t te r  Power- -36.8  dLik 40 percent  vo ice  
Per-Channel L s i  ng VOX (u.2 mi.0 a c t i v i  t y  f a c t o r  
- 

8.10 POWER SUBSYSTEM 
I n  t h i s  section, :he requirements f o r  the MSAf e l e c t r i c a l  subs-vstem are assessed. 
In the previous section, i t  was determilled tnat the  power-per-UHF channel requi re-  
pent o f  HSAT i s  a r a the r  small 240 @. ticwtver, since the systeni Pas 8,265 
t c t a l  channels, the  overt11 RF power i-equirecnent i s  a n s t  so misimal 2 k i .  The 
overwhelming po r t i o f i  o f  the  2 kW o f  Rc pwer i s  r z d i a t e d  frois the L;HF pswer 
ampl i f i e rs .  Ey cont rast ,  each S-band chdnnel needs l e s s  than i mW of power 
!se? Table 3-11 1,  w i t h  the t o t a l  system ~ q u i r i n g  l e s s  :han 2 U o f  !tF p o w r  i n  
the S-band. Ass~ming t h a t  !JHf power ampi i f i e r s  a re  SO percent e f f i c i e n t ,  4 hii 
of DC power i s  needed t o  operate these amp l i f i e r s .  I f  i t  i s  assun;ed t h a t  an 
add i t i cna l  1 i Y  i s  needed by  a l l  o ther  subsystem electroi~ics, as i e l i  as f a r  
b a t t e r y  chargi:g, etc., a t o t a l  c f  5 kW of DC power w i l l  be needed by a1 1 the 
spacecraft  subsystems. 
Xaw power frm the sel  a r  panel i s  t o  be regulated t o  z n m i ~ a !  vo l tage  
(poss ib ly  26 V - +I percent )  p r i o r  t o  ? t s  d i s t r i b u t i o n  t o  t h e  var ious sub- 
systems. The advantag: o f  the  regulated power bus i s  t h a t  i t  obviates the need 
fo r  individbal power. c o n d ~ ~ i o n e r s  a t  each e;ectranic r n ~ d u l e  and should p rov ide  
a weight savings. (Note t h a t  the Stir feed a r r3y  ercp; ays 134 Ut!F power 
arnp?i f ier f  ~ h i c h  w11l need i n d i r i d l l a i  power cond i t ioners  if the  bus i s  n o t  
regul  ated. Assming the rndster regu! a t o r  ni 11 have an 8a percent  e f f i c i e f i c y ,  
the  r a w  power 9u t  o f  the so la r  ar rays must be 6.25 kU. 
Sdsed on the above jiscossi.,:.. a t  the 1C-year End-of -L i fe  !EOL!, the  s c l a r  
arrays nust produce apprc.*.imatsly 6.25 kW o f  DC power. A l lowins f o r  30 percent  
sclar cel l  r a d i a t j o n  degradatic.1 f3r a 10-yecr m i s s f o ~ ,  and ad jus t i ng  f o r  the 
seasonal north-south movement o f  the spacecraft ( i  .e., by d i v ld ing  by cos 
23.S0)  the t o t a l  Beginning-of-Li fe (BOL) primary power requirement o f  MS4T i s  
abaut 10 kW. The primary power on MSAT i s  derived from two a r t i c u l a t e d  so la r  
pmels .  These pdnels must provide s u f f i c i e n t  power dur ing the 24-hour orb1 t 
f o r  a mission durat ion o f  10 years. However, so lar  arrays do not  provide p o w r  
during passage through the shadow o f  the Eartk. For a geostationary sate l  1 i te, 
there i s  one ec l ipse  each day, bu t  only  w i t h i n  the periods o f  approximately 2 7  
February t o  12 Apr i l ,  and ! September t o  16 October. Near the center 3 f  these 
ysr iods, the ec l ipse l a s t s  about 70 m i ~ u t e s .  centered about midnight a t  the 
sate11 i t c  ;onyitude; the durat ion i s  less  tuwards the beginning and cnd c f  the 
;rerioGs. Ir! the case of longer eclipses, s ~ f f i c i e n t  warm-up time must be 
a l l o w d  a f t e r  ttrc. end of the ec?ipse. I n  the past, about a h a l f  hour has beer) 
requi re?. !n aGdi t i o n  t o  the Earth, the moon may a l  sc c ~ s t  a shadow on the 
rpd.:ecraft. Hwtvet., the occurrence o f  moor: occul Cation i s  Rore random and may 
occur s p  t o  several t i f f i ts a year l a s t i n g  for a per iod o f  up t o  an hour. I f  
cont~nuous service i s  ro be i;rovid~d, then e n e r s  stsrage devices o r  a l t e rna te  
ener* sources ~ w s t  b e  con$jderei?. Sat ter ies are the usual candidates f e r  
GnerW storage. In the rm?i f iGer ~f t h i s  section. the charac ter is t i cs  o f  the  
so la r  drrnys and the hat tzr ies  f o r  MSAl are discussed. 
501 ar  Arrays 
Most y,*esantiy, operat ional c m ~ n i c a  t i o n  sdtel  1 i tes use photovol t a i i  c e l l  s t o  
generate eie. :?-icai power. Arrays 3f  s i l i c o n  solar  c e l l  s have served q u i t e  
cat is fac:or i ly  .3s the prim2 power sctrt-ce i n  satell i te!, ano are l ike ly  t o  be 
employed i r ~  th i  s app: i c d t i o n  f o r  ndnj  yrarr t.o cme. The theore t ica l  1 i m i  t 
on the e f f i c i e n c y  o f  s i l  icor: so la r  c e l l s  (approximately 25 percent) i s  much 
higher than the e f f i c i enc ies  now being rea l  i zed. Therefore, several e f f o r t s  
a re  underway t o  improve the e f f i c i ency  o f  the s i l i c o n  solar  c e l l .  
E f f o r t s  t o  increase the power-per-unit weight o f  so la r  arrays are a lso tak ing  
place. Some o f  the 1  i gh tes t  arrays flown t o  date have been the CTS and Hughes 
FqllSA arrays, both generatiog 1.5 kU a t  approxiisately 33 krkg and 47 Wikg 
respect ive ly .  Arrays f o r  INTELSAT V - l  are expected t o  be i n  the 50 t o  60 W/kg 
range . 
Sol a r  art-ay pt?rformance l eve l s  can be improved by uslng th inner  c e l l s  and 
1  i gh te r  structures. Various studies p red i c t  t ha t  so la r  array power-to-mass 
perfamance should be somewhere w i t h i n  the 20 t o  140 W/kg range. The required 
performance l eve l  i s  4rie:en by the LEO t o  GEf t r ans fe r  vehic le capab i l i t y .  
The greater the t rans fer  v c h ~ i l e  capabil i ty the lower the reqdired array per- 
formance leve l .  Even the 140 U/kg array leve l  appears achievable w i t h  
reductions i n  so la r  c e l l  and s t ruc tu re  masses. Addi t i ona l  de~el  opinent and 
tes t i ng  w i l l  be required t;> demonstrate a  10-year 1 i f e  capab i l i t y  a t  t h i  s  
perf~rrndnce leve l .  Whether an array o f  t h i  s  performance leve l  becomes avdi 1- 
ah1 e i n  d prnduc t i o n  ready drray depends 1 argel y upon the pressure appl i e d  ~y 
tCle t rdns fer  vehi r l e '  s  cons t ra in t .  Assuming ac order ly  growth i n  t rans fer  
vehic le capab i l i t y ,  i t  appears tha t  production drrays somewhere i n  t h e  50 t o  
73 w"kg range are probable by the 1990 t ime frane. 
Solar arrays s im i l d r  t o  Lockheed SE? arrays w i t h  :? power-to-mass r a t i o  o f  bO 
i i / k  . have been considered f o r  MSAT. Therefore, f o r  10 k U  BOL power, the solar  
drray weight f o r  MSAT  i s  expected t o  be roughly 167 kg w i t h  each o f  twc panel s 
having a weight o f  roughly 83.5 kg. Assuning these so la r  arrays have a power- 
to-area e f f i c i e n c y  o f  roughly 150 W m 2 ,  the s ize  o f  each so la r  panel may be 
about 4 by 9 m. 
Bat te r ies  
The f o l  lowing electrochemical storage sys tem have been reviewed t o  determine 
t h e i r  appl i c a b i l  i t y  f o r  geosynchronous o r b i t  i n  the ea r l y  1990s: 
a )  Nickel Hydrcgen 
b )  Hydrogen - 3xygen Fuel Ce l l  - E l e c t r o l y i e r  
C )  Secondary L i th ium 
The elements considered i n  t h i s  review were the spec i f i c  energy deilsi ty, r a t e  
capab i l i t y ,  technology a v a i l a b i l i t y  i n  1990 f o r  f l i g h t  develcpment by 1995, 
and complexity o f  the system. 
Based on t h i s  cursory review, n icke l  hydrogen ba t te r i es  were selected f c r  MSAT. 
By 1990, i t  i s  expected tha t  the n ickel  hydrogen bat te ry  5ystem w i  11 have 
advanced t o  c m o n  pressure vessel usage, and tha t  the spec i f i c  energy density 
w i l l  be approximately 65 Wh/kg a t  100 percent depth-of-discharge (DOD). There 
i s no discharge r a t e  problem, and the system w i  l 1 probably be used a t  80 per- 
cent  000. The technology f o r  N i - H z  i s  present ly avai lable, and thus the only  
assumption made i s  t h a t  the comnon pressure vessel w i l l  be avai1ab:e by 1990. 
Addi t ional ly ,  t h i s  electrochemical system i s  considered a simple system and 
a fo rg i v ing  system t o  under-charge and over-discharge. There should also be 
no d i f f i c u l t i e s  w i t h  the 1 i f e  expectancy requirements. 
I n  order t o  determine the nunber and the weight o f  ba t te r i es  requi red f o r  HSAT, 
assume t h a t  each bat te ry  w i l l  provide 1 k W  of  power during the ecl ipse. As 
mentioned e a r l i e r ,  the nraximum durat ion o f  ec l ipse  i s  72 minutes. A1 lowing a 
shor t  per iod o f  about a h a l f  hour a f t e r  the ec l ipse  f o r  so la r  array warmup, 
each bat te ry  w i l l  supply 1 kW f o r  a t o t a l  o f  100 minutes. A l l ow i r~g  80 percent 
(DOD), the capacity o f  each bat te ry  w i l l  then have t o  be 1 kW x (100/6G h) x 
(1/0.8) o r  roughly 2 kUh. Further, assuning 65 Uh/kg energy-to-mass r a t i o ,  the 
weight o f  such a ba t te ry  w i l l  be roughly 32 kg. 
Since thc su:: c?t:uul t a t i o n  occurs a t  l oca l  midnight a t  the subsatel l  i t e  po in t  
( 1  10' W .  longi tude i n  the case o f  MSkT) ,  i t  i s  assumed t h a t  during the 
ec l ipse  i n  most o f  the coverage area (i .em, CONUS), the l oca l  time would be 
past midnight. Assursjny tha t  the dmand f o r  LMSS dur ing these hours i s  not  a t  
i t s  peak, the MSAT secondary power systc:n i s  s ized t o  provide power f o r  the 
system operat ing a t  50 percent capacity. Thus o f  the t o t a l  o f  6.25 kW reported 
e a r l  iet- only 3.12 kW must bc generated by %AT bat te r ies .  Based on the db0W 
s i m p l i f i e d  discirssion, three ba t te r i es  w i th  a rota1 weight o f  roughly 96 kg are 
provided f o r  %!SAT. 
3.1 1 STRUCTURE SUBSYSTEM 
The s t ruc ture  o f  MSAT i s  dominated by i t s  l a r g e  UHF antenna. The three main 
conponents o f  t h i s  antenna are the r e f l e c t o r ,  i t s  s u p p o r t i ~ g  mast, and i t s  1 arge 
planar feed array. I n  t h i s  section, the s t ruc tu ra l  and mechanical proper t ies 
o f  the  r e f l e c t o r  and the  mast are discussed wh i le  Section 3.12 covers the 
mater ia l  pe r t i nen t  t o  the planar feed array. Addi t ional  coRments concerning 
the technology readiness o f  the  r e f l e c t o r  and the  mast are provided i n  
Chapter 5. 
The Ref lec tor  
-
The UHF antenna uses a wrap-rib mesh deployable re f l ec to r .  The wrap-rib re- 
f l e c t o r  design concept consis ts  o f  a nunber ( va r i ab le ]  o f  r a d i a l  r i b s  o r  beams 
which are  cant i levered frm a cent ra l  hub s t ruc ture  [Ref. 81. Each o f  the 
r i b s  i s  attached t o  t h i s  hub s t ruc ture  through hinges. The rad ia l  r i b  system 
provides the mounting f o r  the antentla r e f l e c t i v d  surface. For parabol ic o r  
other  curved re f l ec to rs ,  the r i b s  are formed i n  the  requi red shape, and 
r e f l e c t i v e  pie-shaped mesh gores are attached between the r i bs .  
The r i b  cross sect ion and inater ial  are chosen t o  permit  the e l a s t i c  buck1 i n g  
o f  the r i bs .  This i s  t o  a l low the r i b s  t o  be wrapped around the huh s t ruc ture  
:n the ascent o r  stowed package conf igurat ion. 
I n  the stowing process, the r i b s  and attdched mesh surface are ro ta ted  about 
the r i b  hinges u n t i l  the r i b s  are tangent t o  the hub, as shown i n  Fig. 3-23. 
A f t e r  t h i s  rotat ion,  the r i b s  are pu l l ed  around the hub and are wrapped up. 
The e l a s t i c  buckl ing o f  each r i b  accmodates  t h i s  conf igurat ion.  The surface 
mater ia l  i s  allowed to  f o l d  i n t o  a package located between the r ibs .  
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F igure  3- 23. Wrap-Ri b Re f lec tor  Deplo0en.L 
The e l a s t i c  energy stored i n  the wrapped r i b s  i s  s u f f i c i e n t  t o  accanplish 
deployment o f  r e l a t i v e l y  small diameter ( less than 20 m) systena. For t h i s  
case, the  s t ~ w e d  antenna package i s  contained by a ser ies o f  hinged doors 
which are held i n  p:ace by a res t ra in ing  cable. Deployment occurs wheq the 
cable i s  severed. For the l a rge r  d imeters ,  t he  deployment loads and m o m e q t u ~  
exchange w l th  the  spacecraft wi;l not a l low t h i s  f r e e  deplayment. A deploy- 
ment r e s t r a i n t  system gust be incorporated t o  cont ro l  t h i s  sudden release o f  
s t r a i n  energy. 
The base1 ine  wrap-rib re f1  ec tor  concept 1 ends i t s e i  f q u i t e  read i l y  t o  con- 
s t r a t  ion  o f  an o f f se t - fed  r e f l e c t o r  canf igurat ion. Geoinetrical ly, 3n c f f b e t  
r e f l e c t o r  i s  described by a pari jboloid where the geometric center l ine  i s  not 
coincident w i th  the parabo! i c  ax is  o f  syrmetry. I n  order t o  gain the  e l x t r i -  
ca l  advantages o f  reduced blockage, the  parabol ic axis, ana tnerz fore  the 
focal point,  must i n  f ac t  he iocated external t o  the sect ion aperture. This 
sectior; c d n  most eas i l y  be visualizes by forniing a l a rge  p a r a b ~ l o i d  o f  diane:er 
Ilp and ther, passing (7 cy l inder ,  w i th  a p a r a l l ? l  % i s  o f  sylmetry, thraiigh '+L 
~arabo lo id ,  a s  sbown Fig. 5-24. I f  the cy l i nde r  has a d ianetc r  d less t h a n  
. 
U 2 i 2  and i t s  ax is  i s  pdra! lel  w i t h  the ax is  of the parabola, the sect ion of 
t he  par3bolzid bounded by the c y l  inder i s  r ~ g r e s e n t a t i v e  of the desired o f f s e t  
r e f l e c t o r  surface. Further, ? f  (Dp/2-dl i s  selected t o  5e s u f f i c i e r ~ t l ~  largo, 
there w i l l  be no t l o c k a ~ e  of the e l e c t r i c a l  f i e l d  o f  view. 
The new surface can be described mathm?'r.icai !y wi th  simp1 e coordinate t r i n s -  
formation an(! r o t a t i o n  o f  t he  equations foi- the parent paraboloid. Tire resu? t 
i s  a planar synre t r i c  s t ruc ture  as opposed t o  the o r i g fna l  axisyrimetric 
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Figure 3-24. Generation of O f f s e t  Ref! ector Geometry 
s t ruc tu re .  The o f f s e t  wrap-r ib uses t h e  r a d i a l  r i b  system attached t o  a  
c e n t r a l  hub ds i n  t h e  a x i s ~ r m e t r i c  design, except t h a t  t h e  hub i s  now l oca led  
i n  t he  cen te r  o f  t h e  o f f s e t  sect ion,  w i t t i  t h e  p lane of t h e  hub para1 l e l  t o  the  
l o c a l  s lope o f  t he  parent section. 
Tne Mast 
The base1 i n e  geometry i tssoci6ted w i t h  t he  L-shaped depl oyahle r e f l e c t o r  
support s t r u c t u r e  i s  shown i n  Fig. 3-25. Support s t r uc tu res  o f  t h i s  type a re  
under study i n  t he  Large Space Systems Technology (LSST! Program. A; dete r -  
mined through t h e  LSST concept development, t h e  most e f f i c i e n t  c o n f i g u r a t i o n  
f o r  t h i s  s t r u c t u r e  i s  a  t russ.  A l l  e x i s t i n g  deployable t r u s s  s t r uc tu res  were 
reviewed and considered f o r  a p p l i c a t i o n  t o  t h e  o f f s e t  antenna. hone o f  these 
provided a d e q ~ a t e  margins on t he  an t i c i pa ted  systems requirements. Several 
o f  t h m ,  however, contained des i rab le  features.  The ex tens ib l e  t r u s s  s t r uc tu re ,  
r e s u l t i n g  from tne  LSST concept development a c t i v i t y ,  takes advantage o f  t h e  
"gocd" fea tu res  f rom many o f  t h e  known con f igu ra t ions .  
The stowed mast i s  contained i n  c a r t r i d g e  form w i t h i n  t he  lower deployment 
cage, as shown i n  Fig. 3-26. Deployment occurs i n  two simultaneous phases. 
The top  bay o f  t h e  c a r t r i d g e  stack i s  d r i v e n  by a  cha in  system. A t  t he  same 
time, another t r anspo r t  cha in  o r i v e  s low ly  moves t h e  c a r t r i d ~ e  stack i n t o  
p o s i t i o n  such t h a t  t he  r.ext bay can tie engaged f o r  deployment. The j o i n t s  i n  
each o f  t h e  longerons a re  preloaded over cen te r  la tches  t h a t  e l im ina te  t h e  
bear ing clearances. Th is  mechanism has t h e  c a p a b i l i t y  o f  being restowed by 
simply revers ing  t h e  operations. The mast r e t a i n s  I t s  r t r u c t u r a l  load c a r r y i n g  
capabi l  i t y  throughout bo th   he depl oyment and restowage operat ions.  
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3.12 UHF FEED ARRAY ASSEMBLY 
The UHF feed a r ray  asssinbly i s  loca ted  a t  the  foca l  po i r l t  o f  the  MSAT UHF 
r e f l e c t o r .  It i s  supported by a sho r t  boom hinged t o  the MV.T s t r u c t u r e  near 
the e l e c t r o n i c s  bus. F igure  3-27 shows a \few o f  the face o f  t he  feed t r r a y  
assembly. As shown, the  assembly i s  6.9 by 11.4 m. A s t r u c t u r e  c f  t h i s  s ize  
w i l l  n o t  f i t  w i t h i n  the S h u t t l e  o r b i t ' s  cargo bay 02nbel.spe and t he re fo re  must 
be folded. A f t e r  a1 1 owance i s made f o r  o the r  sate; 1 i t r  compocerts t h a t  must 
a1 so be stowed, t he  feed assembly must be fo lded  i n t o  f i v e  par ts .  The stowage 
requirement necess i ta tes t h a t  t he  feed assembly n o t  exceed 25 cm i n  thickness. 
F igure  3-27 shows the manner i n  which the  feed assembly i s  broken down f n t o  
the f i v e  panels and fo lded  i n  the  stowed condi t ion.  The c i r c l e s  i n  t h i s  f 'gure 
sche~nat i ca l l y  show the  l o c a t i o n  o f  the 134 feed elements. Thermal r a d i a t o r s  
are shown a t  t h e  ends o f  the  panels and ar2 used t o  d i s s i p a t e  t he  excess heat 
from power ampl i f i e r s  loca ted  i n  the feed assembly s t r t r c t i r e .  
The feed a r ray  assembly inc ludes the  f o l l o w i n g  major subassemblies: tne feed 
elements; t he  beam forming nztwork; the  RF e l e c t r o n i c s  which i nc l ude  the power 
ampl i f i e r s ,  1 ow-,noi se ampl i f i e r s ,  and d ip1 exers; aed the  thennal con t ro l  system. 
Each o f  these major jubassembl i e s  c r e  discussed i n  f u r t h e r  d e t a i l  i n  the 
f o l l ow ing  subsections. To be ab le  t o  v i s u a l i z e  the i n t e r r e l a t i o n s h i p  o f  each 
o f  the major subassemblies, r e f e r  t o  F ig .  3-28 which i s  a 3-dimensional 
cutaway drawing o f  the feed a r r a j  assembly. A b r i e f  d e s c r f ~ t i o n  o f  the  ove ra l l  
s t r u c t u r e  f o l l  ows. 
The top l a y e r  conta ins the  feed elements. Each feed element cons is ts  o f  f ou r  
m i c r o s t r i p  square patch subelements which can e a s i l y  be seen. The feed l a y e r  
cons is ts  o f  f o i l  patches supported by a f i be rg lass  sk i n  which i n  t u r n  i s  
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separat~d frca a ground plane by a th ick  ho-eyzddb. Further de ta i l  03 
the feed str r ic tum i s  given i n  Section j.12.1. 
Next, there i s  d 2.5 cm th ick honeycmb iso la t ing  layer separating the feed 
layer frcui the team f n a f n g  network. The beam fonrinq network consists o f  two 
b;ck-to-back microstr ip hoards each co~s t ruc ted  o f  3.32 m th ick honeycomb 
die:ectric and cmev ed with 0.0;3 cm thick f iberglass pr in ted c i r c u i t  board 
skins. Another 2.5 en th ick  hone./ccmb is01 s t i ng  layer separates the beam 
fonning network a ~ d  :he transtnissio~ line !ayer. The t r s n w i s s i o n  l ' ne  ?ayer, 
a1 so made o f  pr inted c i r c u i t  beard skins and honeycan5, connects tile indiv idual  
bem ports an the be= forming netmrk t o  cabl2s a t  the lower edge o f  the feed 
array assembly, which i n  turn comect t o  the bus located o lez t rmics .  The beam 
fonnfrg netwot-k s t r u c t ~ ~  i s  discusseG i c  Section 3.12.2. 
Due t o  the hone.ycmb and face skin tec?mo1 ogy u t i l  f zzd f o r  the aoove pariel s and 
the way the abcve pane'l layers are bonded t o  exti cther, they form a strong and 
r i g i d  s t rx ture .  However, a d d i t i o ~ a l  structure f s needed t o  t i e  the ~ a n e ?  s t o  
the sate:i i t e  structure and ;o support the RF electronics. Tkis addixional  
s:ructure i s  shown j u r t  below the p v e l s  aqd consists o f  a series c f  rhanpel s 
wnich tun ps ra l ie l  t o  the panel hinges or  along rhe ;light 9 f  the overal l  feed 
assm,hly. Mounted between trre chanfiei s are the power amp1 i fi ers, I ow-noi se 
amp1 i fers, and dip1 exers. The physical acd 91 eeirica! charact t r i  s t i c s  o f  these 
electronic nodules are discu;sed ;n Sec t i03  3.12.3. 
The 2ap i i f j e rs  j r e  connzcted v ia  a heat sink t o  heat transfer pipes. which run 
alonqside some d f  the chancels and trar,sport the saste heat t o  remote radiators 
locared a t  either end o f  each fez: assmbly panel. Heat pipes and radiators 
a?$ covered * t a i l  i n  3.12.4.  
The l a s t  l aye r  consis ts  o f  a thermal blanket t h a t  covers the backside o f  the 
feed array assembly. A hinge j o i n t  i s  a lso shown i n  the f igure. Not sh~un,  
bu t  an important consideration, i s  the cables o r  f l e x f b i e  m ic ros t r i p  boards 
t h a t  are requi red t o  provide con t i nu i t y  i n  the  beam forming network across 
the panel hinge 1 ines. 
Tke f ina! feed a r r a j  assembly thickness i s  18 cm, so t r t t :  assembly can eas i l y  
be accomnodated w i t h i n  the 25 zm al locat ion,  as d i c ta ted  by space 1 im i ta t i ons  
o f  the Shutt le.  
Weight Breakdow,2 
A s t ruc ture  the s i r e  o f  the UHF feed array assembly 16.9 by 11.4 m) imp1 i e s  
la rge  weigkt and therefare weight i s  one o f  the strongest d r i ve rs  i n  the 
design o f  the feed assembly. Table 3-12 i l j u s t r a t e s  the weight breakdown f o r  
the v a r i ~ u s  pa r t s  o f  the feed array assembly. The t o t a l  weight i s  1170 kg. 
The be39 f o n i n g  network, t hama l  hardware, and RF e lec t ron ics  are the main 
weight d r i ve rs  and i t  i s  tnese items which nus t  be addressed if the overa l l  
weight i s  t~ be reduced. There i s  some potent ia l  weight savings i n  the beam 
fonnfng network 2nd t h i s  w i l l  be reviewed i n  Section 3.12.2. 
Fol lowing t h i s  b r i e f  overq;iew, the f ~ l l w i n g  subsections w i l l  cover i n  more 
d e t a i l  the proper t ies  c f  the feed arrays, beam forming network, 2F elec- 
t ron ics ,  and tne feed thermal c ~ n t r o l  hardwdre. 
3.12.1 UHF Feed Array Implementation 
-- 
The MSAT feed array for  the U:1F mu1 tibeam r e f l e c t o r  antenna i s  a very c r i t i c a l  
component o f  the system i n  terns c f  weight, dsp loyab i l i t y ,  and e l e c t r f c a l  
Table 3-12. UHF Feed Array Assembly Weight 
1 Item 1 ideight, kg I 
I 
- - --- - - -  ------- - - - -  ~- . 
I 
- - - - -  - ' - - - -  I-------------------- 1 -  - - - -  - -- -   -  - - - i 
-I 
1 Radiating Elements 1 
I I 
I RF Electronics I 
I 
i Power Amp1 i f i e r s  
I 
Low-9oise Amp1 i f i e r s  I 31 
I 
I D i  p i  exers 
I 
I Beam Forming Network 
I 
I Cables 
I 
i RF 
I 
I DC 
I 
I Thennsl Control Hardware 
i 
I Heat 3adiatot-s 
I 
I Heat Transfer Pipes 
I 
! 
1 Heat Sink Flanges I 3 1 I 
I I 1 
I Structure 1 156 ! 
I I i 
I I ! i 1 Total 1170 1 
performance requirements. The proposed feed array f o r  ESAT uses m i c r o s t r i p  
patch r a d i a t i n g  elements. This design al lows l a rge  por t ions  o i  the array 
t o  be etched f r ~ m  a s ing le  copper laminate i n  one product ion step. The etched 
c i r c u i t  i s  supported above a conductive ground plane a t  a height  o f  a very 
small f r a c t i o n  o f  the wivelength (Fig. 3-29). The r e s u l t  i s  a feed array 
which i s  thir! enough that,  together w i t h  other  components of the proposed feed 
assembly package, forns a sarrdwich l ess  than 25 Lm t h i ck  t h a t  can be d iv ided 
i n t o  several panels and fo lded i n t o  2 ra ther  small volume. 
M ic ros t r i p  design techniques are l og i ca l  . precise, repeatable, and we? 1 under- 
stood. This k ind  o f  design has beep used i n  the SEALAT S.4R antema and the 
Canadian CTS, among many other projects. I n  general, m'crostr ip  antennas have 
proven t o  be re l i ab le ,  rugged, l ightweight ,  th in ,  and impervious t o  severe 
environmental effects. 
O f  cotrse, i n  t h i s  case, m ic ros t r i p  antennas (1  i k e  other aperture type lob-ga in  
antennas1 w i  11 requi re the use o f  the over1 appi ng c l  uster-feed c l  ements (each 
element i t s e l f  i s  composed of  fotir yacches) w i t h  i t r  attendant need f o r  the 
comolex beam forming netwcrks, e tc  , (see Subsection 3.4.4) .  Patches are fed 
a t  two pc ints ,  v i a  n!icrc;trip i ines ,  t o r  c i r c u l a r  pc la r i za t i on  (see Fig. 3-39].  
To 1 ighten the m ic ros t r i p  antenna structure, the honeycomb core i s  las ina ted  
betwee? the m ic ros t r i p  c i r c u i t  and the ground plane, instead o f  the much 
heavier sol i d  d i e l e c t r i c  (see F ig .  3-29). The antenna c i r c u i t  i s  assumed to  
be etcned from 0.51 ~ ~ ! d  (two ounces-per-square foo t )  o f  copper on 0.127 m 
(0.005 in .  epoxy f iberg lass  vhich forms one face o f  the honeycomb laminate. 
The other surface i s  a1 sc. ccpper c lad  0.305 kg/m2 ( ~ r  on2 ounce-per-square f o o t )  
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epoxy f iberg lass  w i t h  the copper p rov id ing  the ground plane. Thz use o f  honey- 
comb laminate (such as Hexcel 's glass f a b r i c  rc-inforced p l a s t i c  honeycomb) has 
several advantages. 
i It i s  very e f f i c i e n t .  The near vo id  between the antenna c i r c u i t  and 
the ground plane near ly  e l  iminates die1 e c t r i c  losses, wnich would be 
incurred if a s o l i d  d i e l e c t r i c  substrate was used. 
i i )  It minimizes the weight. 
i i i )  It provides f o r  greater bandwidth, s ince the antenna substrate can be 
made th i cke r  t o  increase the bandwidth, w i t h  very l i t t l e  weight penalty. 
i v !  Tile honeycomb panels & r e  very r i g i d  and can provide f o r  t h e i r  own 
s t ruc tu ra l  support. 
The feed i s  supposed t o  operate i n  the frequency band o f  821-876 MHz w i t h  a 
mid-frequency o f  848.5 MHz and wavelength A, = 35.35 cm. The required bandwidth 
w i l l  be (876-821 )/845.5 = 6.5 percent. Using a computer program developed a t  
JPL, the required thickness of the substrate w i th  an assumed d i e l e c t r i c  con- 
s tan t  o f  1.17, i s  ca lcu lated t o  be around d-13 mm w i t h  a band edge VSWR = 2 : l  
and dc 18 mm w i  t h  VSWR = 1.5: 1. However, s ince the receive a ~ d  transnii t hands 
are concentrated on two 10 MHz bands a i  the edges o f  the t o t a l  55 MHz band, i t  
i s  e n t i r e l y  1 i k e l y  t o  reduce the VSWR a t  the two bands without increasing the 
substrate thickness, through some matching techniques o r  patch s i ze  nani pul a- 
t ion .  Tee design presented here considers d =18 mm. Now, w i t h  the diameter 
o f  each element o f  the  7-element c lus te r  feed being previously ca lculated to  
be approximately 2,i, the t o t a l  surface area o f  the feed array i s  estimated 
t c  be A ? 58 m2. The weight-per-unit  area i t  calculated 3.1 1.95 kglm*. The 
t o t a l  weight o f  the UHF feed array i s ,  therefwe,  about i :3  kg. Table 3-13 
summarizes the UHF feed array s a l i e c t  features. 
Table 3-13. Parameters o f  the  Feed Array f o r  UHF MSAT Antenna 
I Number o f  2eams I 8 7 I 
I I I 
I I -1 
I Feed-Per-Beam f 7-El ement C l  us te r  i 
I Number o f  El ements I 134 I 
El erne9 t / 4 M i c r o s t r i p  Patches I 
I I I 
I- I I 
! In te rpa tch  Spacing I 31 cm 
I I 
I Pol a r i z a t i m  1 C i  rcril  a r  I 
I Ov$ra l l  Feed Array: Dimensions I 6.89 x 11.43 rn i 
I Area 1 58 m2 I 
i 
-- 
I 
-7- - --- i I- i 
I Feed Arrzy \+eight I 113 k: ! 
1 -  ------------- I -. - I 
3.12.2 Beam Forming Network Implementation -
As discussed i n  Sect ion 3.7, each o f  t h e  87 UHF beams are formed from a 
c l  ~ s t e r  o f  seven feed elements. With adjacent beans sharing feed elements, 
a t o t a l  o f  134 feed elements are  requi red t o  form t h e  27 beams. Thus a beam 
forming network ( BFN 1 i s  requi red  t o  interconnect each bean, p o r t  w i  t h  the  
seven elements t h a t  c m p r i  se the  feed aperture f o r  t h a t  beam. Furthermore, 
t h i s  must be done i n  an environment where a. jacent  beam a p e r t u r t ? ~  share feed 
elements, c rea t i ng  overlapping apertures. With the l o c a t i o n  o f  the BFN i n  
the feed structure, the BFN s i z e  must be the same as the feed o r  approximately 
6.9 by  11.4 m. This al lows the BFN element po r t s  t o  be located, a1 igned w i t h  
the t r a n s s i t t e r s  and receivers, and u l t ima te l y  the feed elements. Because o f  
t he  l a rge  size, weight i s  one o f  the  primary considerat ions i n  the BFN design. 
M ic ros t r i p  technology using a honeycomb d i e l e c t r i c  i s  selected t o  implement 
the BFN t o  keep the BFN weight as low as possible. 
F igure 3-31, which i s  the same as Fig. 3-17 i n  Sect ion 3.7 and i c  repeated here 
f ~ r  convenience, i s  a schematic f o r  a po r t i on  of the BFN showing the  beam po r t s  
connected t o  the 7-por t  power d i v ide rs  and the feed elements connected t o  tho 
7-po-t power combiners. Between t h ~  power d i v ide rs  and coinbiners are a ser ies  
o f  interconnect ions which requ i re  i vnunerabl e crossovers o r  in te rsec t ions  which 
caonot be imp lewr ted  on a s ing le  m ic ros t r i p  board and fu r the r  i t  i s  no t  con- 
venient ly  implemented ri t h  cables. 
I t  can be shown t h a t  the BFN can be b u i l t  using two back-to-back m ic ros t r i p  
boards where tb? power d iv iders  f o r  the beam por ts  are on one board and the  
power combiners f o r  the feed elements a r e  or, the secoid. Figure 3-32 shows 
Figure 3-31, Beam Forming Network Schematic for Overlapping 
7-Element Clusters 
t h e  two m i c r o s t r i p  boards superi~nposed on each other.  The upper board, on ly  
p a r t i a l l y  shown and i l l u s t r a t e d  i n  red, i s  t.he beam p o r t  board. The lower 
board shown i n  b lack i s  t he  element p o r t  board. The l i n e s  on the boards 
represent in terconnect ions.  The c e n t r a l  j u r l c t ion  of t he  1 ines,  showrr numbered, 
i n d i c a t e  the  l o c a t i o n  o f  the  7 - ~ a y  power d i v i d e r s  o r  power combiner modules. 
It should be noted t h a t  a sower d i v i d e r  module on the  upper board i s  1 ocated 
d i r e c t l y  over the sane numbered power combiner module on the lower board. 
F igure  3-33 rhows e i t h e r  a power d i v i d e r  o r  a power combiner i n  schematic forln. 
A t  the  r e n t e r  i s  the  power d i v i d e r  module which houses d i sc re te  components 
suc9 as mu1 t i w i n d i  ng transfcrmers us ing f e r r i t e  cores. Such d i s c r e t e  devices 
a r e  a v a i l a b l e  f o r  use i n  the UHF band. These devices a re  housed i n  a package 
approximately C.38 cm t h i c k  by about 3.6 cm i n  w id th  and l eng th  and mount 
d i r e c t l y  o i t o  the m i c r o s t r i p  c i r c u i t  boards us ing tabs. The i n p r ~ t  t o  the 
d i v i d e r  i s  shown a t  the  top. The seven outputs  cons i s t  o f  s i x  which are i n  
the  plane o f  the  m i c r o s t r i p  board. These extend ou t  about one wavelength 
from the power d i v i d e r  module, a t  which p o i n t  they drop down t o  the  m i c r o s t r i p  
bocrd below. The seventh output  drops down d i r e c t l y  from the power d i v i d e r  
module t o  t he  lower  ~ n i c r o s t r i p  board. 
Re fe r r i ng  again t o  F ig .  3-32, the power d i v i d e r  rlodules and t h e i r  s i x  
associate3 m i c r o s t r i p  l i n e s ,  as discussed above, a re  loca ted  i n  a r egu la r  and 
pe r i od i c  fash ion or, each board. Using beam 1 7  as an example, the  o?era t ion  
can he ~ n d e r s t o o d  as f ~ l l o w s '  
a) Locate beam p o r t  17 on the upper board ( r e d ) .  A t  t h i s  l o c a t i o n  i s  
a power d i v i d e r  module w i t h  the beam i n p d t  ( n o t  shown) extending up 
o u t  o f  the  page. The outputs  shown i n  r ed  extend r a d i a l l y  ou t  from 
the oower d i v i d e r   nodule. 
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b)  Next consider t9e output d i rected t o  the r i gh t .  Follow the red 
l i n e  u n t i l  a p o i n t  i s  reached where the  l i n e  becomes black. This 
i s  the 1 ocat ion o f  a v e r t i c a l  e l e c t r i c a l  interconnect ion between 
the two boards. Continuing along the  black l i n e  on the  lower board, 
the power combiner f o r  element p o r t  12 i s  reached. 
c )  The other  f i v e  red  l i n e s  f o r  beam p o r t  17 can be fol lowed i n  a 
s im i l a r  manner and i t  w i  11 be found t h a t  they connect t o  the power 
combiners on the  lower board f o r  element po r t s  11, 16, 18, 21, and 22. 
d) The remaining seventh output connects d i r e c t l y  (no t  shown) t o  the 
power combiner f o r  element p o r t  17 imnediately below the power 
d i v i d e r  module f o r  beam p o r t  17. 
e) Referr ing t o  Fig. 3-16 i n  Section 3.7, i t  can be observed t h a t  beam 
p c r t  17 has been successfu l ly  connected t o  those elements associated 
w i t h  beam 17. 
I n  a s im i l a r  manner, i t  can be shown t h a t  no matter which beam p o r t  i s  picked, 
the network shown connects t h a t  beam p o r t  on ly  t o  feed elements associated 
w i t h  t h a t  por t .  Conversely, by  t rac ing  i n  the reverse d i rec t ion ,  i t  can be 
i l l u s t r a t e d  t h a t  each element i s  connected on l y  t o  those beam por ts  w i t h  
which t h a t  element i s  associated. The BFN i l l u s t r a t e d  has the proper ty  of 
being usable w i t h  a feed system o f  overlapping 7-element c lusters,  no mat ter  
how extensive the feed s t ruc ture  is ,  because of the per iodic  property o f  the 
BFN design. 
The BFN m ic ros t r i p  panels are to  be fabr icated out o f  0.32 cm th i ck  honeycomb, 
as the d i e l e c t r i c ,  and covered w i th  0.013 cm t h i c k  sheets o f  epoxy f iberg lass.  
The f iberg lass  sheets i n  t u r n  support the f o i l s  used as the ground plane and 
the etched m ic ros t r i p  c i r c u i t .  Two of  these panels mounted back-to-back are 
required f o r  one BFN. A t  1.86 kg/mZ, the  BFN weight i s  108 kg. However, two 
BFN are  required, one f o r  t ransmi t t ing  and one f o r  rece iv ing  (see Fig. 3-20, 
Section 3.0).* This amounts t o  a t o t a l  weight o f  216 kg. Thus the BFN accounts 
f o r  an appreciable f r a c t i o n  o f  the feed system weight. One way o f  keeping tire 
system weight down i s  t o  t ry t o  combine the t ransmi t t iny  and the rece iv ing  UFN 
funct ion onto the same m ic ros t r i p  hoards. Figure 3-34 i l l u s t r a t e s  ~nethcd for  
accomplishing t h i s  objective. Notice the upper par t  o f  the f iyure,  which 
rep!-esents one board layer,  and canpore t h i s  w i th  T i  g. 3-32. It car] he seen 
tha: by the use o f  power d iv iders  w i th  curved dnns, two sets o f  power d i v ide rs  
and dssociated ~ n i c r o s t r i i r  c i r c u i t s  have hccn f i t t e d  onto the same hoard. The 
por ts  associated w i th  the t ransin i t ters are lahe l led  w i th  a " T "  and those f o r  
the receivers w i t ! r  an "R." Ry t r d c i ~ i ! ~  the various intcr-cnnncctions i n  the sd~ae 
manner as that  f o r  Fig. 3-32 ,  i t  can he stiown tha t  the receive ,lnd trarislnit 
hem forn~ing funct ion can he canhined on the sme ~ v i r  o f  boat-ds. w i  tl lout dny 
physical in ter ference hetwcen 1 incs interconnect ing t  hc vnriaus heam and 
element ports. This scha!it\ i s  sclectccl far- !!SAT w i t h  a sav i~ iqs o f  10: kq.  
The overal l  I\FN structure i n c l  udtls, i n  dddi t i o n  to  t  lit. I:!-m; 
a! A transmi ssiori 1  i lie m ic ros t r i p  hont-ti t l i d l  ci)rinects t l ie  hedm por ts  
on the HFN t.,! RF cables ricnriing btttwccn thc eloctt-onics i n  the space- 
cr-df! bus dlid the lowcr edge o f  ttic feed structure. The salilc tech- 
nology ri~ttd fo r  the tlf ?4 jr,lnels dr-c irsed fo r  the t ~ ' a n s ~ ~ ~ i s s i o t i  1 ines. 
h) -1 ;'.5 c~n honcycaab d i e l e c t r i c  slucct' t o  scjrdrdte t h r  RFN frail the 
fcetf r.ndidt i ny 5-y 51 C Y : ~  and to SC~?~I - , I  t e  f tip Ff-N f r i m ~ i  thc tr-anstni ss ion 
1 inc ~ i ~ i c r o s t r -  . p  hoard. 
Thc discussion i t 1  t h ~  s sect iori i s  i r i  t c n ~ s  of t hc two I l l  N f o r  I l l i f .  S-hand 
also rcqir i rc5 two RFN. ~ l ! ' l n ~ ~ g h  thcy , ~ r - i .  ~iruch sr ia l ler  i n  size arid weight. 
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The weight f o r  t h i s  BFN s t ruc tu re  i s  3.16 k g / d .  Hi t h  an area o f  58 m2, and 
i ncl  udi ng weight f o r  the various e l e c t r i c a l  interconnecticns, connectors, 
power d i v i d i n g  modules, and hinge c i r c u i t s  between fo ld ing  panels, a t o t a l  
BFN weight o f  244 kg resul ts .  Adding 61 kg f o r  ex te r ra l  RF cables f o r  
connection t o  the RF hardware and t o  the bus located hardware, b r ings  the 
t o t a l  weight t o  305 kg. The mater ia ls  proposed were used on the  Synthet ic 
A ~ e r t u r e  Radar program and, therefore, a re  a reasonable f i r s t - c u t  choice fo r  
the BFN. L igh te r  weight mater ials,  however, are ava i lab le  which could save 
as much as 90 kg, b u t  a carefu l  s t ruc tu ra l  analysis would have t o  be made t o  
determine how much o f  t h i s  weight savings can be real ized. 
Consideration was given t o  mounting the BFN i n  the sate1 1 i t e  bus (as opposed 
t o  colocat ing i t  w i t h  the feed) t o  see i f  any weight saving would resu l t .  A t  
t h i s  l oca t i on  there are two possib le choices: using the BFN a t  RF ( a f t e r  the 
dr ivers  f o r  power ampl i f i e r s ,  b u t  before the HPAs themselves), o r  a t  I F  (see 
Fig. 3-21). Since the d iscre te  techniques used a t  UHF (RF) are very s i m i l a r  
t o  those a t  IF, the BFN weights would be comparable f o r  both choices. How- 
ever, by p lac ing  the BFN a t  IF, the number o f  ac t i ve  components a f t e r  the BFN 
increases by the  r a t i o  of 134/87, increasing the system weight. I n  addit ion, 
the signals from each beam p o r t  must be s p l i t  i n t o  seven d i f f e r e n t  paths a t  an 
e a r l i e r  p o i n t  i n  the RF subsystem increasing the nur'tber o f  sources o f  r e l a t i v e  
phase and ampl i t ude  errors. For t h i s  reason, RFN a t  I F  was not  chosen. The 
weight o f  an RF BFN i n  the  bus came t o  274 kg and includes the weight o f  
cab l ing  t o  get  a l l  the s ignals out  t o  the ptcper loca t ions  on the feed st ruc-  
ture. The 31 kg weight savings compared t o  the fez4 located design was not  
considered s i g n i f i c a n t  when compared w i  t h  the po tent ia l  add; t t w a l  weight 
savings poss ib le  f o r  the  feed loca ted  BFN. Also, l o c a t i n g  the BFN i n  the  bus 
s i g n i f i c a n t l y  increases t he  d is tance over which t he  beam s ignal  i s  s p l i t  i n t o  
seven separate paths making the system very suscep t ib le  t o  the e f f e c t s  o f  phase 
er rors .  Thus, f o r  the  base1 i i ~ e  design, the BFN was l oca ted  a t  the  feed. 
3.12.3 UHF Feed Arrav RF Com~onents 
I n  t h i s  section, performance requirements, s ize,  and weight o f  the RF com- 
ponents loca ted  i n  the  UHF feed ar ray assembly a re  discussed. Associated 
w i t h  each o f  the 134 UHF feed elements i s  an e l ec t ron i c  module composed o f  a 
d i ~ l e x e r ,  a Low Noise A m p l i f i e r  (LNA), and a High Power Amp l i f i e r  {HPA) (see 
Fig. 3-28). Each o f  these th ree  components i s  now discussed i n d i v i d u a l l y .  
3.12.3.1 UHF Power Amp l i f i e r s  
The 10 ?!Hz UHF band used i n  the sa te l l i t e - t o -mob i l e  l i n k  i s  d iv ided  i n t o  seven 
reusable frequency sub-bands, which are subsequently reared among the  87 
mu1 ti p l  e UHF >cams, w i t h  each beam being ~l.;ri?ned a s i n g l e  sub-band o f  1.428 
MHz. Using 15 Yifz channel s ,  t h i  s 1 .428 MHz bat':: . ;. I::- ;:.:: f i i ;i:!ii':l i n i o  95 
S i  ng le  Channel-Per-Carrier (SCPC) channel s which w! 11 be ava i l  ab le  t o  users 
w i t h i n  t he  coverage area o f  a s i ng le  beam. 
In order t o  determine the power r a t i n g  f o r  the UHF amp l i f i e r s ,  one must 
analyze the  manner by which each i n d i v i d u a l  c l u s t e r  of  seven feed elements i s  
e ~ c i t e d .  Consider a SCPC channel w i t h i n  a given beam j which i s  produced by 
a 7-element c l ~ ~ s t e r .  I f  the t o t a l  RF power f o r  the  channel i s  designated by P, 
the  BFN w i l l  route 79 percent o f  the power t o  the center element o f  the c l u s t e r  
w i t h  the  remaining 21 percent being d iv ided s i x  ways and each of the s i x  
a u x i l i a r y  feed elements i n  the c l u s t e r  receiv ing 3.5 percent o f  the power.* 
From the  block diagram o f  Fig. 3-20, i t  i s  seen t h a t  each feed element i s  
f e d  f r a n  a separate HPA. Since most o f  the feed elements cont r ibu te  t o  the 
formation o f  more than one beam, then several hundred SCPC channels w i l l  be 
routed through the same power ampl i f ier .  I n  pa r t i cu la r ,  the HPAs connected 
t o  the c e n t r a l l y  located feed elements ampl i fy s ignals fo r  seven d i f f e r e n t  
beams which imp l ies  t h a t  7 x 95 = 665 SCPC channels a re  routed through each o f  
these amp1 i f i e r s  . 
: 4 i  ne ty - f i ve  o f  these 565 channels have a power equal t o  0.79P9 wh i l e  the other  
s i x  sots o f  35 channels are composed o f  channels , . i t h  a power of  0.335P. Thus, 
the required operat ing power f o r  the HPAs which are connected t o  cent ra l  ly 
located feed elements must be 
where PA i s  the HPA requi red operat ing power and P i s  the average power needed 
f o r  an SCPC channel i f  Voice Operated S w i  t c h i  ng (VOX) i s  employed. 
Not a l l  the feed 2lements cont r ibu te  t o  the formation of seven beams however. 
Those which do are the feeds located i n  the cent ra l  sect ion o f  the array. 
Studying F ig .  3-9 po in ts  out  t h a t  o f  the f i r s t  87 feed elements, there are 
* These percentages correspond t o  the case where each of  the a u x i l i a r y  elements 
i s  exc i ted a t  a l e v e l  -13.5 dB down from the center element. 
47 elements which c o n t r i b u t e  t o  the  format ion o f  7 beams, 10 which c o n t r i b u t e  
t o  6 beams, 14 elements c o n t r i b u t e  t o  5 beams, 15 elements c o n t r i b u t e  t o  4, 
and f i n a l l y  1 element which con t r i bu tes  t o  t he  format ion o f  3 beams. As 
mentioned before, each of  these 87 feed elements ac t s  as t h e  c e n t r a l  element 
f o r  one c l u s t e r  as we l l  as be ing an a u x i l i a r y  element i n  some o the r  c l us te r s .  
Feed elements 88 through 134 however, a c t  o n l y  as a u x i l i a r y  elements; o f  these 
47 pe r i phe ra l  elements, 12 con t r i bu te  t o  the  format ion o f  3 beams, 18 con- 
t r i b u t e  t o  2 beams, and 17 con t r i bu te  t o  on ly  7 beam. 
From the foregoing discussion, Table 3-14 summarizes the  power requirement 
fo r  t he  134 power a m p l i f i e r s  associated w i t h  t he  134 feed elements. I n  t h i s  
tab le ,  P i s  t he  average power needed f o r  a s i n g l e  SCPC channel i f  VOX i s  used 
and ,.I i s  t he  percentage of P going t o  t he  c e n t r a l  element o f  t he  c l u s t e r .  
A f t e r  RF power output,  t he  ampl i f i e r  l i n e a r i t y  i s  the  nex t  most c r i t i c a l  
requirement due t o  t h e  l a r g e  number o f  simultaneous SCPC s ignals .  To prevent  
a severe in te rmodu la t ion  noise, the  ampl i f i e r s  must be operated i n  the 1 i n e ~ r  
mode which imp l i es  t h a t  they must be operated several  dB below t he  1 dB satura-  
t i o n  l e v e l .  The l e v e l  o f  Output 9ack-Off (OBO) from the sa tu ra t i on  p o i n t  i s  
y e t  t o  be determined. Most e x i s t i n g  in te rmodu la t ion  ana lys is  f o r  SCPL channels 
a re  f o r  the  case where a l l  channels have equal power. However, a s  i n d i c a t e d  
i n  Table 3-14, f o r  the present, design channels w i t h  two power l e v e l s  w i l l  be 
present i n  the ~ n a j o r i t y  o f  HPAs. The and lys is  f o r  t h i s  case has been done a t  
JPi and i s  b r i e f l y  discussed i n  Appendix D. 
MSA: requ i res  a p p r o ~ i r ~ t a t e l y  2 kW o f  RF power a t  UHF. To keep the prime power 
requirement reasonable, ampl i f i e r s  w i t h  very h igh  e f f i c i e n c y  ( i n  the  o rder  o f  
50 percent )  a re  r e w i r e d .  Furthermore, the  HPAs must n o t  on ly  e x h i b i t  h i g h  
;
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a t  t he  sa tu ra t i on  po in t ,  b u t  t hey  must a l so  ma in ta in  t h i s  e f f i c i e n c y ,  o r  
nea r l y  mainta in  i t , as t h e  output  i s  backed o f f  from t h e  s a t u r a t i o n  po in t .  
For  t h i s  reason, c l a s s  A power a m p l i f i e r s  a re  no t  v i a b l e  candidates. 
I n  Sect ion 3.8.2, i t  was mentioned t h a t  t h e  d i f f e r e n t i a l  phase and amplitude 
e r r o r s  between t he  power a m p l i f i e r s  must no t  exceed 5 degrees and 1/4 d3, 
respec t i ve ly .  Thus, t he  a m p l i f i e r s  must t r a c k  very c l o s e l y  i n  ampl i tude a ~ d  
phase c h a r d c t e r i s t i c s  ovei- temperature and s i gna l  d r i v e  v a r i a t i o n s  i n  order  
t o  preserve t h e  downlink beam p a t t e r n  i ~ t e g r i t y .  I n  order  t o  reduce t h e  
temperature e f f e c t s  on ampl i tude and phase t rack ing ,  t h e  a m p l i f i e r s  w i l l  be 
mounted onto 2 thermal c o n t r o l  sur face on t h e  back o f  t h e  feed a w a y  (see 
Fig.  3-28). The design goal f o r  the thermal con t ro l  system i s  two- fo ld :  t o  
mainta in  i h e  amp1 i f i e r  opera t ing  temperature a t  25" C - +15" (dev ice j u ~ c t i o n  
temperature) f o r  dev ice l i f e t i m e ,  and t o  c o n t r o l  temperature v a r i a t i o n s  as 
a  r e s u l t  of system s igna l  dynamics. D e t a i l s  o f  the  t h e m a l  subsystem i s  
discussed !n Sect ion 3.12.4. I t  nay be necessary t o  u t i l i z e  an a c t i v e  phase 
compensation technique i n  con junc t ion  w i t h  a  p i l o t  tone from a reference  bas^ 
s t a t i o n  t o  f u r t h e r  con t ro l  phase va r i a t i ons .  
I n  order  t o  l i m i t  t he  hardware weight o f  t he  feed array,  i t  has been assumed 
t h a t  t he  regula ted power f o r  the power arnpl i f i e r s  i s  suppl i e d  from the  bus 
power subsystem v i a  a cable harness. 
The p re l im ina ry  UkF power amp1 i f i e r  requirements are: 
Frequency: 866-876 MHz 
Output Power Level  ( 1  dB compression): 92 W CW 
Back-Of f Level : 6 dB minimum 
E f f i c i e n c y  Goal : 50 percent  
Gain: 30-40 dB 
Supply Voltage: 24-28 V DC 
3 r d  Order In termodulat ion Products (2  tone):  -30 dB minimum 
Phase S tab i l  i t y  (un i  t - to-un i  t ) :  - < - +5 degrees maximum 
Amp1 i t u d e  S t a b i l i t y  ( un i t - t o -un i  t )  : - < - +1/4 dB 
Weight 'exc lud ing power supply): 0.91 kg (2 1 b) maximum 
Size: 36 cm x 5 cm x 2.6 cm (14 i n .  x 2 i n .  x  1  in . )  
3.12.3.2 UHF Dip lexers 
A d i p l exe r  i s  requi red f o r  use w i t h  each antenna feed element t o  separate the 
up l i nk  and dowrilink s igna ls  i n t o  t h e i r  respec t i ve  rece iver  and t r a n s m i t t e r  
s igna l  paths. The dip1 exer f i  1 t e r i n g  func t ions  must s a t i s f y  the f o l l  owing. 
1) Provide low-loss transmission paths from the  antenna p o r t  t o  both 
t he  t ransn i  t t e r  and rece iver  p o r t s  f o r  t h e i r  respec t i ve  s ignal  s. 
2 ) Provide s u f f i c i e n t  i s o l a t i o n  between the  t r ansm i t t e r  and rece i ve r  
p o r t s  such t h a t  the t r ansm i t t e r  s ignal  i s  a t tenuated s u f f i c i e n t 1  y 
a t  t he  i n p u t  o f  the  low-noise a m p l i f i e r  t o  avoid a m p l i f i e r  
sa tu ra t i on  and meet the ove ra l l  system requirement f o r  t h i r d  order 
in termodulat ion pr9ducts. The system in termodulat ion prcduct  l e v e l  
requ i  rement w i l l  es tab l  i sh the  minimum 1 eve1 of transmi t t e r - r e c e i v e r  
path at tenuat ion.  
3 )  Prov ide adequate a t tenua t ion  between t h e  t r a n s m i t t e r  and rece i ve r  
p o r t s  t o  a t tenuate t r a n t n i t t e r  no ise which f a l l s  w i t h i n  t he  low-noise 
amp1 i f i e r  passband. 
4 )  Prov ide adequate out-of-band a t t enda t i on  between t he  t r a n s m i t t e r  and 
~ e c e i v e r  p o r t s  t o  r e j e c t  t r a n s m i t t e r  harmonics (Znd, 3rd, e t c  ) from 
t h e  low-noise a m p l i f i e r  input.  
The p re l im ina ry  UHF d i p l e x e r  requirements a re  as f o l l ows :  
Antenna t o  Receive Branch: 
I n s e r t i o n  Loss: -1 dB maximum 
R e j e c t i o ~ :  DC t o  790 MHz - 91 dB minimum 
860 t o  2500 Mhz - 91  dB minimum 
2.5 t o  12 CHz - 60 dB minimum 
Transmit t o  Antenna Branch: 
I n s ? r t i o n  Loss: -G.6 d6 maximum 
Reject ion:  (821-831 MHz) : 68 dB minimum 
Por t  VSWRs: 
The i npu t  p o r t  VSWR s h a l l  be no g rea te r  than 1.25:l 
n~x inum,  w i t h  a l l  o ther  po r t s  terminated w i t h  50 ohm loads 
o f  VSWR - < 1.02:l maximum. 
Power Rat ing : 
The d i p l e x e r  s h a l l  be capable o f  opera t ing  i n  a  hard vacuum 
environment ( <  - 10-6 TORR) wh i le  de l  i v e r i n g  approx~rnate ly  
100 bl CW i n t o  the  antenna por t ,  w i thou t  evidence o f  corona 
o r  mu l t ipac t ing .  
Amplitude and Phase Tracking: 
The d i  p l  exer phase and ampl i tude c h a r a c t e r i s t i c s  must t r ack  
over t h e  dynamic temperature range (25' C - +15") t o  w i t h i n :  
Phase: - < - +5" 
Amplitude: - < - +1/4 dB 
Weight: 1.14 kg (2.5 l b )  maximum 
Size: 46 cm x 18 cm x 5 cm (18 i n .  x  7 i n .  x 2 in.) 
The d i p l e x e r  w i  11 be mounted on the  thermal c o n t r o l  su r face  alongside the  UHF 
power ampl i f i e r  and 1 ow-aoi se ampl i f i e r  (see Fig. 3-28). 
3.12.3.3 UHF Low-Noise Amp1 i f i e r s  
A UHF low-noise a m p l i f i e r  i s  used i n  t h e  s igna l  path o f  each antenna r a d i a t o r  
element fo l  lowing t h e  d i  p lexer.  The ampl i f i e r  precedes t h e  beam forming 
network i n  o rder  t o  minimize t he  rece ive  c i r c u i t  losses f o r  t he  low RF power 
mobi le  up l ink .  The no ise f i g u r e  and ga in  requirements f o r  t h e  low-noise 
amp l i f i e r  a re  d r i v e n  by t he  system noise f i g u r e  requirement ( 2  dB rece i ve r  
noise f i g u r e )  and t h e  c i r c u i t  losses o f  t h e  beam forming network. A no ise  
f i g u r e  o f  under ? dB should be r e a d i l y  achievable i n  t he  t ime frame requ i red  
f o r  system use. A module ga in  o f  45 dB i s  p ro jec ted  f o r  system use. The 
low-noise a m p l i f i e r  module design w i l l  be used i n  f r o n t  o f  and f o l i a w i n g  t he  
beam forming network t o  prov ide t he  requ i red  UHF s igna l  ga in  p r i o r  t o  down- 
conversion i r ~  t he  t rans1 a t o r  transponder. The ampl i f i , ~ r  f o l l o w i n g  the  beam 
forming network w i l l  be b u s e d  w i t h i n  tne  transponder. The lower no ise 
f i g u r c  modules w i l l  be selected f o r  use on t he  feed ar ray.  The supply 
 voltage,:^) requ i rea  by t h e  low-noise a m p l i f i e r s  w i l l  t ~ e  s: - . p l i ed  from t h e  
bus e l f , c t r on i cs .  
I n  order  t o  minimize the l e v e l  o f  t h i r d  order  intermodul a t i ~ n  products gener- 
ated i c  t he  system by  t h e  low-noise amp l i f i e r ,  i t  i s  des i red t o  keep the  1 dB 
sa tu ra t i on  l e v e l  o f  the a m p l i f i e r  as h igh  as poss ib le ,  l i m i t e d  by  the  DC power 
r e q u i r e ~ e r ~ t s .  A 1 dB sa tu ra t i on  l e v e l  o f  + l o  dBm minimum i s  considered 
reasonable. 
The 1 ow-noi se amp1 i f i e r  w i l l  be mounted on the  thermal con t ro l  sur face on the  
back o f  the  feed a r r i y  (see Fig.  3-28). 
The p r e l  im inary  low-noise ampl i f i e r  requirements are: 
Noise Figtire: 2 dB maximum 
Gain: 45 dB minimum 
Sa tu ra t i on  Level  ( 1  dB): + I 0  dBm minimum 
Gain Tracking ( u n i t  t o  u n i t ) :  - < - t0.5 dB 
Phase Tracking (un i  t - to -un i  t ) :  - - +5 degrees 
Weight: - < 0.23 kg (0.51 1b) 
Size: -- < 9 cm x 5 cm x 1.5 cm (3.5 i n .  x 2 i n .  x 0.6 i n . )  
3.12.4 UHF Feed Thermal Hardware 
The MSAT feed a r r a y  p r o p ~ s e d  i n  t h i s  r e p o r t  has an o v e r a l l  RF power ou tpu t  
o f  approx ina te ly  2 kW. Each o f  t he  134 feed e lemei ts  w i l l  be exc i t ed  by a 
dedicated power a m p l i f i e r  module. Each feed element i s  supported by  an 
e l e c t r o n i c  module which i n  add i t i on  t o  t he  power a m ~ l i f i e r  conta ins a 
d i p l exe r ,  and a low-noise ampl i f i e r .  The thermal requirement o f  the tihF 
feed a r ray  i s  t o  mainta in  the  e l e c t r o n i c  modules temperature a t  25' C +15O. 
- 
Add i t iona l  .iy, the  dimension21 thermal s t a b i l  i t j  o f  the  feed a r r a y  pannl 
sur face must be he ld  w i t h i n  7 mm rms (correspondin? t o  a 5 degree phase 
e r r o r  i n  the RF rad ia t ion) .  The tl lemal hardware should be selected so as 
t o  nrinimize the overa l l  weight. 
Assuming 50 percent e f f i c iency ,  the sol i d  s ta te  power amp1 i f i e r s  d iss ipa te  
appr3ximately 2 kK o f  waste heat w l t h  the heat source  physical!^ d i s t r i b u t e d  
over the approximately 58 n& arca o f  the feed array as showri i n  F ig.  3-35. The 
c i r c l e s  shown i n  t h i s  f i g u r e  represent the equivalent aperture of :.he 124 feed 
elements. The nmbers w i t h i n  each c i r c l e  denote the normalized amount o f  heat 
dissipated by the power amp l i f i e r s  assaciated w i t h  each feed. The n o n a l i z a -  
t i o n  fac tor  N given by 
where NC i s  the number o f  SCPC channels-per-beam, P i s  the average power-per- 
channel requ i rment  when VOX i s  used, and E i s  the e f f i c i ency  o f  the power 
ampl i f iers.  For the  basel ine design w i t h  NC = 95, P = 0.24 W ,  and E = 50 
percent, the normal izat ion factor  i s  22.8 W.* 
Desiqn Conce~ts  
The YSAT feed array thermal design considered two basic heat r e j e c t i o n  ap- 
proaches (Fig. 3-36): l x a l  and remote radiators.  I n  the loca l  rad ia to r  
approach, separate rad ia t i ng  surfaces are i n s t a l l e d  on the hack o f  the feed 
panel a t  sack o f  the power amp1 i f i e r  locat ions. Ir! the r m o t e  ~pprOiCh, the 
waste heat i s  transported t o  a rad ia to r  mounted on the edge o f  the feed pane? 
capable of re jec t i ng  t o  space from both sides. The se lec t ion  between these two 
 approach!^ ~ v s t  consider t i le t o t a l  weight o f  the rad ia to r  and heat t r a f i s p ~ r t  
network. 
* For the sake o f  convenience and the use o f  round numbers, i t  i s  assumed t h a t  
each o f  the s i x  a u x i l i a r y  feed elements receives 4 percent o f  the power (as 
opposed t o  3.5 percent used i n  Section 3.12.3). 
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The rad ia to r  size required f o r  a given power d i ss i?a t i on  w i l l  i n  general be 
much la rge r  i n  the l oca l  rad ia to r  appmach. The view from the l o c a l  rad ia to rs  
t o  space i s  d i c ta ted  by the  feed panel or ientat ion,  and therefore the e n t i r e  
rad ia to r  surface would be exposed t o  d i r e c t  sun l i gh t  during por t ions  o f  the 
o r b i t .  Using t yp i ca l  1% abso rp t i v i t y  thermo-optical coatings, the worst case 
e f f e c t i v e  rad ia t i on  heat sink temperature i s  a r e l a t i v e l y  h igh 0" C. By 
cont ras t  a simi 1 a r l y  or i t , ]  ted doubl e-sided rad ia to r  (having only  one face 
exposed t o  the  sun) has an e f f e c t i v e  sink temera tu re  around -45" C. Con- 
sequently, Fig. 3-37 shows t h a t  under the worst-case o r b i t a l  environment, the 
single-sided rad ia to r  requi res s i x  times the area o f  t l l c  remote rad ia tor .  
This d i f fe rence narrows as the c o ~ t r o l  temperature i s  ra ised from the desired 
25" C, eventaal ly approaching a 2 t o  1 ra t i o .  Two conceptual designs based on 
the l oca l  and remote rad ia tors  are discussed next. 
Local Radiator Conce~ t  
A 1 ocal rad ia to r  concept u t i l  i z i  ng a transverse fi at-pl  a t?  heat pipe module i s  
shown i n  Fig. 3-38. A transverse heat pipe i s  a gas con t ro l l ed  var iab le  con- 
ductance heat pipe i n  which the l i q u i d  flows perpendicular t o  the vapor f low. 
The module serves as an i n teg ra l  temperature control/mounting panel f o r  
e lec t ron ic  equiment.  The e lec t ron ic  equipment i s  mounted on one side o f  
the f l a t - p l a t e  ~ o d u l e  wh i le  the other side serves as a waste heat rad ia to r  
whose ac t ive  hrea i s  regulated by a noncondensibie gas. These modules weigh 
approxinately 20 kg/m2 14 1b / f t 2 ) .  Thus, from Fig. 3-37, a t  25" C f o r  the 
2 kW MSAT, the t o t a l  weight o f  thermal hardware based on the l oca l  rad ia to r  
Figure  3-37. The Required Area f o r  One- and Two-Sided 
Thermal Radiators 
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Heat Pipe 
i s  620 kg. An experiment u t i l i z i n g  t h i s  concept w i l l  be flown on the Shut t le-  
launched Long Durat ion Exposure F a c i l i t y  [Ref. 91. Because o f  the h igher  
e f fec t ive  sink temperature i n  a s i  ngle-sided radiator ,  1 ocal rad ia tors  appear 
t o  be more p rac t i ca l  f o r  higher cont ro l  tenperatures (over 45' C) o r  possib ly  
f o r  low-power d iss ipat ions,  where the higher rad ia to r  weight coul d be com- 
pensated by savings i n  the heat t ransport  aetwork. 
Remote Radiator Concept 
A concept u t i l  i z i n g  heat pipes and a remote rad ia to r  i s  shown i n  Fig. 3-39. 
For t h i  s appl i ca t ion ,  heat pipes are considered an a t t r a c t i v e  heat t ranspor t  
technique since there i s  no pumping pouer penalty and the 1 ack o f  moving pa r t s  
make them inherent ly  re1 iable. I n  t h i s  concept, f i x e d  conductance ax ia l  ly -  
grooved heat pipes t ranspor t  the d iss ipated heat t o  the top, o r  the bottom, 
of the feed panel. I n  a f ixed conductance axial ly-grooved heat pipe, heat 
i npu t  and r e j e c t i o n  can occur anywhere along the length, being d ic ta ted  si:nply 
by the temperature d i f fe rence between the vapor and the pipe wal l .  A major 
reason f o r  se lec t ing  the ax ia l  ly-grooved conf igura t ion  i s  the long operat ing 
experience aboard the Orbi t i n g  Astronomical Observatory (OAO) [Ref. 101, and 
the Appl i ca t i ons  Techno1 ogy Sa t e l l  i t e  (ATS [Ref. 111. Other reasons inc lude 
the good evaporator/condenser f i l m  c o e f f i c i e n t s  and the r e l a t i v e  ease o f  
fabr ica t ion  as compared t o  wicked heat pipes. 
A t  the edge o f  the panel, the f i xed  conductance heat pipes i n t e r f , ~ c e  w i t h  
var iable conductance heat pipes (VCHP) running through the radiator .  The VCHP 
regulate the heat f low t o  the rad ia to r  t o  compensate f o r  changes i n  source 
d i ss ipa t i on  and e f f e c t i v e  sink temperature [Ref. 121. VCHPs operate by v i r t u e  
o f  a noncondensible gas (n i t rogen)  which i s  normally w e p t  t o  and c o l l e c t s  a t  
Figure 3-39. Heat PipejRemote R a d i a t o r  Concept 
the co ld  end o f  the pipe. As the evaporator temperature decreases, the vapor 
pressure i n  the p ipe i s  reduced and the gas expands ou t  o f  the rese rvo i r  
covering p a r t  o f  the condenser surface. The net  ef fect  i s  t h a t  the gas/vapor 
i n te r face  moving back and f o r t h  along the  condenser regulates the ac t i ve  
rad ia to r  area. A more complete descr ip t ion  o f  var iab le  conductance heat pipes 
may be found i n  Ref. 11. 
I n  a passive JCHP, the cont ro l  banc depends on the range o f  external environ- 
ment, the reservo i r  t o  condenser volune r a t i c  and the t rans ien t  response o f  
the reservoir .  Typical ly,  a - +IS0 C cont ro l  band can be obtained. T ighter  
cont ro l  can be achieved by the use o f  a feedback system, w i t h  a sensor on the 
evaporator used t o  cont ro l  output t o  an e l e c t r i c a l  heater on the reservoi r .  
The reservo i r  i s  then forced t o  respond t o  va r ia t i ons  of the cont ro l  point.  4 
sctiematic o f  such a system i s  shown i n  Fig. 3-40. VCHP, w i t h  ac t i ve  feedback, 
w i l l  be employed on the GSFC Thermal Canister [Ref. 131 t o  be flown on the 
Shut t le  OFT. Ground tes ts  o f  t h i  s system under simul ated o rb i  t a l  environments 
has demonstrated a contro l  band o f  - + l o  C. Next, the weights o f  the rad ia to rs  
and the heat t ransport  network i s  estimated. 
a - The Radiator 
The rad ia to r  i s  envisioned as f i v e  thermal ly decoupl ed segments, each approxi- 
mately the width o f  a feed panel segment. The surfaces would be coated w i t h  a 
low absorp t iv i  t y l h i  gh e n i s s i v i  t y  thermo-optical f i l m  such as zinc o r t h o t i  tanate 
(ZOT, a 1 ~ .  = 0.210.9). For s t ruc tu ra l  i n t e g r i t y ,  the rad ia to r  would be con- 
s t ructed as an aluminum honeycomb sandwich. 
The rad ia to r  f i n  ef fect iveness depends on the heat pipe spacing and the 
equivalent f i n  thickness. Figure 3-41 shows t h a t  a 95 percent f i n  e f f i c i e n c y  
VARIABLE ON-CONDENSIBLE 
CONDUCTANCE 
HEAT PIPE 
(FEED PANEL) 
CONTROL 
TEMPERATURE - 
Figure  3-40. V a r i a b l e  Conductance Heat P ipe Rad ia tor  With A c t i v e  Feedback 
can be achieved by spacing the heat pipes a t  0.3 m and having an equivalent 
0.28 cm f i n  thickness. This equivalent f i n  thickness can be a t ta ined w i t h  a 
2.54 cm th ick  alumi num hone.vcomb core w i th  a bulk densi ty  o f  64 kg/$ and 
0.127 cm aluminum face sheets. A sketch o f  the  heat p ipe  r r d i a t o r  i s  a1 so 
shown i n  Fig. 3-41. This conf igurat ion r e s u l t s  i n  a rad ia to r  weight o f  
approximately 12 kg/m2. From Fig. 3-37, a t  25" C, 3 m2 o f  rad ia to r  i s  needed 
per each kW o f  d iss ipated heat; therefore f o r  the 2 kW MSAT, the net  weight o f  
the required rad ia to r  i s  approximately 72 kg. 
b - The Heat Transport Network 
For purposes o f  determining a weight estimate f o r  heat traosport,  the concept 
assumes a heat pipe geometrj s im i l a r  t o  ATS. These are a 1 cm ins ide  diameter 
(I .D. 1, ax ia l  ly-grooved, extruded aluminum pipes w i  t h  ammonia as the working 
f lu id .  Their heat t ranspor t  capab i l i t y  i s  140 W-m and the f i l m  c o e f f i c i e n t  i s  
b e t t e r  than 0.6 ~ / c d  "C. It i s  assumed t h a t  the heat d i ss ipa t i ng  components 
would be mounted d i r e c t l y  on t o  the heat pipe f lange w i t h  a good thermal i n t e r -  
face compound. Pipe sections between the heat d i ss ipa t i ng  com~onents (non- 
flanged) would be insulated w i t h  mu1 t i l a y e r  i nsu la t i on  (MLI ). As a f i r s t  
approximation, the e f f e c t i v e  heat pipe length  i s  ca lcu lated by: 
Leff = power d iss ipated x mean t ransport  length (3-12) 
14I1W-m 
From Fig. 3-35, Lef f  can be calculated t o  be approximately 275 m. Using a 
weight density o f  0.25 kg per meter, which i s  t yp i ca l  o f  thf! afo;.mentioned heat 
pipes, the t o t a l  heat pipe weight i s  estimated a t  approximately 69 kg. Th i r  
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Figure 3-41. Heat  P ipe Radiator F i n  S i z i n g  
gives a conservative answer since i n  p rac t i ce  the heat pipe diameter would be 
weight optimized. A t  134 loca t ions  along the heat nipes, f langes ( o r  saddles) 
a re  required t o  couple the 134 power amp l i f i e r s  t o  the heat pipes. Assuming 
0.68 kg  (1.5 1b) per flange, the toLal welght of  the  e n t i r e  thermal hardware 
network under the remote rad ia to r  concept w i l l  be 232 kg. 
The heat p ipe qetwork must be thermal ly i so la ted  from the feed panel s t ruc t~r ; .  
I n  the present concept, the heat p ipe / rad ia tor  system i s  no t  sized to  ac t i ve l y  
contro l  the s t ruc ture  temperature. It i s  expected t h a t  thezcxessary 
dimensional s t a b i l i t y  can be obtained by construct.;ng the panel out of low- 
thermal expansion mater ia l  s (e.g., graphi te-epoxy , fri t-bonded ULE) , coat ing the 
f r o n t  surface w i t h  white paint,  and b lanket ing the back face w i th  f 4 L I .  These 
passive thermal cont ro l  techniques can maintain the feed panel temperature below 
40" C i n  f u l l  sun. The issue o f  dimensiona! thermal s t a b i l  i t y  deserves fu r the r  
analysis. 
Results 
As a pre l  iminary estimate, Fig. 3-42 shows t h a t  a heat ~ i p e / r a d i a t o r  system 
f o r  25"  C cont ro l  would wefgh i n  the order o f  116 kg per '(U o f  heat d iss ipa t ion .  
Thi s excludes support s t ruc ture  weight. The system weight drxreases s l  i g h t l y  
i f  the cont ro l  temperature i s  relaxed, a t t r i b u t e d  p r imar i l y  t o  the reduced 
rad ia to r  area. It i s  i n t e r e s t i n g  t o  note tha t  2/3 o f  the system weight i s  due 
t o  the feed panel heat p ipe network. It would appear, t h a t  a t  some power 
d i ss ipa t i on  leve l ,  a t radeo f f  could be made between a heat pipe network and an 
equivalent power penalty for a closed loop pumping system w i t h  lower tubing 
f i xed  weight. The estimated weight f o r  a system employing loca l  rad ia tors  
(transverse f l a t - p l a t e  heat pipes) i s  also shown i n  Fig. 3-42 f o r  comparison. 

Conclusions and Recotmendations 
Based on the beat p~pe l rad ia to r  approach considered, a thermal control  system 
f o r  the MSAT feed array can be expected t o  weigh i n  the order o f  232 kg f o r  
2 kW o f  heat Aissipation. The weight varies l i nea r l y  w i th  heat d iss ipat ion 
reqdired, but  only s l i gh t l y  w i th  desired control teqera tu re  (20° t o  45" C 
range). 
There appears t o  be a design breakpoint between the remote radiator/heat ? i  pe 
approach and the 1 ocal radiator  ~proach fo r  e l  e c t r w i c s  control tehieratures 
above 45" C. A1 so, as power dissipat ion leve? s increase, the design tends t o  
favor a closed loop pumping systea aver the heat pipe network. For the 
2 kil  level  being considered, a closed loop purping system deserves further 
evaluation. 
3.13 ATTITUOE AN0 ARTICULATfOh CONTROL SUBSYSTEM 
The a t t i t t i d e  dnd a r t i c u l a t i o n  cont ro l  subsystem ( A C S )  p e r f o m  the spacecraft  
po in t i ng  and stabi  1 i z a t i o n  functions as w l  i as the po in t i ng  cont ro l  o f  i t s  
art icu!dted e l e n t s  i s o l z r  panels. etc.) .  
YSAT, w i t h  i t s  l a rge  feed and ilHF re f l ec to r .  and i t s  long born connecting the 
two. cons t i tu tes  a 1 drge f l e x i b l e  spacecraft whosc d t t i  tude cont ro l  presents 
3 ;hall enge o f  l~nprecedcnted proport ions. F i  r s t  c f  31 1, i4SAT d imensi 011s are  
o f  the order o f  IOO m, making i t  considerably larger than any spacecraft 
flown t ( 3  date. Secondly, t h i s  very l a rge  r 2 t e i l i t e  f a s t  3e s t h b i i  i r e d  and 
pointed t o  ve rv  prec ise reqi l i rmants (0.93 degrees) Third1:i. the s y s t m  nust be 
h i  gbly r-21 i a h l  t? and autitnomaus i lr order t o  nrovide irniqterr i ipted 24-hour 
se rv ice  dur ing thp rd the r  long I2--ftadr :ajssion 1 ;  Fetirie. 
i q  t h i s  section. a corlcise descr ip t ion  o f  the , i t t i t udc  and a r t i c u l a t i o n  cont ro l  
r;u>r_vcte?r. i ncl udi nq i t s  fulli ,ioris an3 reqrri rtwietlts, opera t i ona l  nodes znd 
~ t ~ r i s t ' a i  its. subsystc~n ct l~ iept t id !  desi qn and h~r-,luare 1 i st .  i s jjr-esented. 4 
rlot-tx dctd i  l t .2 :iescript.ion dn11 ..ii;sessment o f  io~:pont?nts ,tnd .)thetm ucy ti.ihno1 o- 
~ i e s  i s  given i ?  Chapter 5. 
3 . i Z . :  A t t i t u d e  Control  Functions and Reauircments 
. - - - - - - - . . - - - -- - - - - - - - - - -- - -. . 
: nc fun< t i  ons per fomrd hy the :ISAT 6 tti tude contrd l  systeti i n c l  udc: 
a !?cductidn o f  sepdrdtion ra t cs  ~ f t e r  arSi t i n j e c t i o n  by the upycr 
s tage vehicle, and x q u i  s i  t i o n  o f  refcl-enies; 
o Naintenanie o f  cont ro l  during deployment o f  the s a t e l l  i t e  ;? to  
i t s  f i ~ a l  conf igurdt ion; 
a Point in? o f  the s ~ l d r  d r r d v ;  
o Prec is ion  po in t i ng  o f  the antenna; 
o Maintenance of proper d i sh  surface accuracy and r e l a t i v e  feed/dish 
posi t i o n  and or ientat ion;  
o Autanatic reacqui s i t i o n  o f  references i n  the event they are  l o s t ;  
o Provid ing comands t o  propul sion and cont ro l  harthare dur ing 
stat ionkeeping operations t o  achieve the desired A V ,  wh i le  
maintaining prec ise Earth point ing;  and 
o Provid ing contirtuous cont ro l  f o r  2 10-year operation. 
The ACS accuracy reouireraents are se t  a t  a f r a c t i o n  of  the t o t a l  system 
accuracy requirements discussed i n  Section 3.2, and are assuned as fol lows: 
System AC S 
Requi rement Total A l l o c j t i o n  
--- - - - -- - - - - -- - 
Point ing +0.10 degrees +U. 03 degrees 
- - 
S tab i l  i t y  +O -114 aes ree s M.03 degrees 
- 
Dish Surface 
Accuracy. R4S 
3d1 ar  Array Po i  n t i  ng +1 degrees 
- - +1 degrees 
3.13.2 Control  During Miszion Phases 
For  a t t i t u d e  contro l  purposes, the mission i s  p e r t i  t ioned i n t o  four m j o r  
phases: Phase I for  launc'l i n t o  synchrorlous o r b i t .  Phase I 1  f o r  separation, 
deployment, and acqu is i t i on  o f  l oca l  v e r t i c a l  and c e l e s t i a l  references. 
Phase I I I  f o r  system checkout. updating. and performance test ing.  and Phase I V  
f o r  the operational cruiqe phase. The ACS ooerations during these phases are 
d i  scussed i n  the f o i l  3ni fig paragraphs. 
During Phase I, MSAT i s  f i r s t  ca r r i ed  by the Shu t t l e  t o  low Earth o r b i t  
(LEO) and subsequently t rans fer red  i n t o  geosynchronous o r b i t  (GEO) by the  
upper stage vehicle. A1 1 cont ro l  funct ions dur ing t h i  s per iod  are provided 
by the Shut t le  and the upper stage vehic le guidance and con t ro l  (GSC systems. 
Throughout t h i s  phase, the MSAT ACS i s  t y p i c a l l y  powered on, bu t  f unc t i ona l l y  
disabled. Inmediately p r i o r  t o  separation, the ACS i s  i n i t i a l i z e d  and i n i  t i a i  
a t t i t u d e  in format ion i s  handed o f f  t o  the ACS from the upper stage vek ic le  
GK system. 
Phase I 1  covers the separation, deployment, and acqu is i t i on  of  the l oca l  
ver t i ca l .  Various a1 ternate scenarios are possib le dur ing t h i s  phase ( f o r  
example, deplaynent can be performed before o r  a f t e r  separation, wh i le  MSAT i s  
s t i l l  attached t o  the upper stage vehicle).  Several choices are a lso possib le 
as t o  the order of  the various deploynent a c t i v i t i e s .  For the purposes o f  the 
design, the fo l low ing assumptions are mads: 
i )  The deployment sequence coosists o f  four  p r i nc ipa l  evepts: 
boom cx tension, r e f  1 ectoi- un fur l  i ng. sol a r  panel deployment, 
aod feed deployment (no t  necessari ly i n  t 9 a t  order). Compleco 
dep lo -me~ t  can take anywhere from about 1-2 hcdrs t o  12 hours, 
o r  nore i f  sequence i s  ground assis ted w i t h  ground analys is  
and ve r i  f i c a t i o n  o f  intennedidte depl oyneot stages. 
i i 1 I t  i s  desirable t o  deploy the solar  panels as e a r l y  as convenient 
i n  the sequence and t o  po in t  them t o  the Sun. 
i i i ) Once the MSGT i s  deployed, i t  i s  undesirable t o  perform extensive 
search maneuvers t o  locate the Earth and the Sun and t o  r e o r i e n t  
the spacecraft t o  the correct  point ing.  Such search maneuvers 
t yp i ca l  1 y invo lve  several 360-deqree search turns. Because o f  
the very 1 arge f n e r t i a  o f  the deployed YSAT, such turns could 
requ i re  considerable time ( several hours). 
The fol lowing scenario ran  be postulated f o r  Phase 11: It w i l l  be assmed 
t h a t  p r i o r  t o  separation the upper stage vehic le w i  11 o r i e n t  the HSAT t o  the 
desired i n i t i a l  or ientat ior ,  (+Z ax is  along the  l o c a l  ve r t i ca l ,  +Y ax is  due 
south, see Fig. 3-46). The MSAT gyro pactatje a i l 1  be i n i t i a l i z e d  t o  t h i s  
o r ien ta t i on  j u s t  p r i o r  t o  separation. The separatlon event i s  normal 1 y 
c m n d e d  by ac t i va t i ng  pyrotechnic latches which wnen released al low a set  
o f  s p r i : : ~  loaded mechanisms t o  push apart the  two bodies. As a r e s u l t  o f  the 
separdtion forces, res idual  t i p - o f f  ra tes  are i nva r iab l y  imparted t o  the 
bodie:. I n  the  case o f  HSAT, such angular ra tes  could be i n  the order o f  
1 degree/s. 9 separation time o f  0.3 s would be typ iea l  ( t h i s  i s  the time i t  
wouid take f o r  the spr ing mechanisms t o  extend complete1 y ) .  During t h i s  
b r i e f  period o f  time, the gyros are on. bu t  the ACS th rus ters  are b r i e f l y  
inhib i ted.  About 1 s a f t e r  separation, the th rus ters  are enabled and w i l l  
begin t o  f i r e  t o  n u l l  out the separation rates, t o  s t a b i l i z e  the MSAT about 
the desired i n i t i a l  or ientat ion,  and t o  itnpart t o  i t  the required 15 degree/h 
o r b i t a l  rate. 
Once the MSAT has been s t a b i l i z e d  fo l lowing the separation event, deploynent 
can begin w i th  the i n i t i a l  extensfon of the boon,, fol lowed by deployment o f  
the so lar  array and Sun acquis i t ion.  This w i l l  be followed by deployment c f  
the two r e f i e c t o r s  and t h e i r  feeds. During these events, the deploying 
antenna i s  maintained c o r r e c t l y  pointed t o  the ground and the Sun by means 
o f  ephemeris data, gyro dnd E a r t h  sensor outputs,  and s o l a r  panel Sun sensor 
data. Prec ise p ~ i n t i n g  dur ing  t h i s  phdse i s  n o t  important,  the  main o b j e c t i v e  
i s  t o  complete the sepdrat ion and deployment events i n  the  "acquired" mode. 
i.e., w i t h  t he  Ear th  and t he  Sun i n  t h e  f i e l d -o f - v i ew  o f  t he  o p t i c a l  sensors. 
Phdse !I1 i s  a pe r i od  o f  30 t o  90 days dur ing  which ex tens ive  syste:3 eva luat ion,  
c a l  i 3 r a t i o n  and checkout takes ?lace. An o p t i c a l  sensor i s  used dur ing  t h i s  
phase t o  measure the s t a t i c  l i n e a r  and dngular al ignment e r r o r s  o f  the deployed 
feed and r e f l e c t o r ,  and thel ' r  r e l a t i o n  ri t h  respec t  t o  t h e  ACS c o n t r o l  re ference 
fra~ae. The sa:ne o p t i c a l  sensor i s  a l so  used dur ing  t h i s  phase t o  p e r f o m  the 
i n-orbi  t dynamic chards te r i  z a t i o n  o f  t he  system (systems i d e n t i  f i c a t i o n ) .  Such 
i n - o r b i t  t e s t i n p  o f  the system (which i s  needed because o f  the i ~ n p o s s i b i l i t y  o f  
ground t e s t i n g  such a l a r g e  s t r uc tu re ) ,  w i l l  j i e l d  the  mode shape and frequency 
tldta requ i red  tc, update the c o n t r o l  systt l l l  f l  i g h t  sof tuare and t o  dchicve the 
des i red  p r e i i  se p o i n t i n g  and s t a b i l  i r a t i o n  o f  t he  antenna. It i s  env is ioned 
t h a t  t h i s  w i  11 be an i t e r a t i v e  process r e q ~ i r i n g  s i g n i f i c a n t  j round support. 
Thc. 19-year ope1'3tiotial phdse (Dhdse I V )  hegir ls a f t e r  the s y s t ~ q  has been 
thoroughly checked out.  c d l  ib ra ted.  and the 1-equi red  gerfan-rnance l e v e l  s have 
bccn achieved. Dur ing Phase I V ,  t h?  ACS w i l l  maiq ta in  p r e c i s i o n  p o i n t i n g  o f  
t h r  antenna t o  the des i red ground t d r g e t  f o r  the du ra t i on  o f  the mission. 
Stdt ionkeeping operdt ions (see Sect ion 3.141 w i l l  be c d r r i e d  ou t  p e r i o d i -  
c a l  l y  k i  thout  i n t e r r u p t i o n  o f  se rv ice  and deyrdaat ion o' po in t ing .  
3.13.3 D i s t u r h ~ n c e  Environment and Management Approach 
---- - - -- - - -- - -- --- --- 
I l u r ing  ~ p e r - a t i o n s  i n  geostat ionary  o r b i t ,  the re  w i l l  be a riu:iber o f  forces 
dc t i ng  on the  MS41 which the cor t t ro l  svstt 'o must dedl w i t h  i n  order  t o  i r isurc  
co r rec t  point ing. These forces o r  tcrques a r i s e  from both i n te rna l  as we1 1 
as external sources. I n te rna l  disturbances can be created by the  cont ro l  
system i t s e l f  ( j e t  f i r i n g s ,  stepping the so la r  arrays, actuator  noise, etc.) 
o r  by o ther  subsystems (slewing o f  a f l i g h t  tape recorder, thennal f l u t t e r ,  
etc. 1. Such in te rna l  disturbances are t y p i c a l l y  small and create dynamic 
disturbances which must be damped ou t  by the  con t ro l  system i n  order t o  
insure acceptable 1 eve1 s o f  po in t ing  accuracy. 
External disturbances, on the  other  hand, a r i se  from outside sources, and 
tend t o  be quasi -s tat ic  disturbances which, i f  unchecked, would cause the 
spacecraft t o  slowly d r i f t  away from the desired point ing. For ?ISAT, the 
p r i nc ipa l  external disturbance torques are: 
1 ) g rav i t y  gradient; 
2 )  dynamic balancing; and 
3 )  solar  pressure. 
Gravi t v  Gradient 
For an o r b i t i n g  spacecraft, g rav i t y  gradient forces w i l l  ac t  t o  a1 i gn  the 
spacecraft ax is  o f  l e a s t  i n e r t i a  along the l o c a l  g rav i t y  vector (i.e., l o c a l  
v e r t i c a l ) .  For !ASAT, a constant torque i s  present due to a 17-degree ~ n g l e  
between the minimum i n e r t i a  ax is  and the l o c a l  v e r t i c a l  (see Section 3.15). 
This torque about the r o l l  ( X I  ax is  requires a d a i l y  momentum o f  about 1334 
N-ms (984 f t - 1  b-s) t o  counteract. 
Dynamic Balancing -
A t  geosynchronous o r b i t ,  the spacecraft must r o t a t e  once a day about the 
p i t c h  axis. M i  t h  the of fset- fed MSAT conf igurat ion,  t h i s  requires r o t a t i n g  
o r  spir ln ing the  spacecraf t  about t he  Y ax is ,  which i s  17 degrees o f f  from the 
a x i s  o f  maximum i n e r t f a .  A constant  torque about t h e  r o l l  ( X I  a x i s  i s  r equ i r ed  
t o  ma in ta in  such a sp i n  about a nonpr inc ipa l  ax is .  A d a i l y  momentum o f  about 
445 N-m-s (328 f t - l b - s )  i s  r equ i r ed  f o r  t h i s  dynamic ba lanc ing torque. 
So la r  Pressure 
So la r  pressure torque i s  a consequence o f  t he  accum-1 a t i v e  s o l a r  pressure 
having a center -o f -pressure ( C P )  d isp laced  from the  veh i c l e  center-of-mass (Ct.1) 
over  most o f  t he  o r b i t .  With t he  veh i c l e  i n  a 24-hour o r b i t ,  the  s o l a r  torque 
i s  c y c l i c  w i t h  a one-day period. F igure  3-43 i l l u s t r a t e s  t he  s o l a r  torque 
d is turbance about each a x i s  f o r  a t y p i c a l  fa1 1 o r  sp r i ng  day. The d a i l y  
momentum requ i red  t o  counter  the  s o l a r  torque i s  g rea tes t  ahoglt the  p i  t c h  i Y )  
a x i s  and i s  equal t o  about - t443 N-m-s (+327 - f t - l b - s ) ,  as cogpared t o  approx i -  
mately - +I35 N-ms  (+I14 ft-! b-s)  and +I03 N-m-s (+76 f t - 1  b-s) f o r  t he  r o l l  ( X I  
- - - 
and yaw ( 2 )  a\es. respec t i ve ly .  
To counteract  these major externa l  d i  sturhances, f ou r  techniques were con- 
s i  dered: 
1 ) Yagnetic Torquing; 
2 )  Center-of-Pressure Cont ro l  ; 
3 )  Mass Expulsion; and 
4 ) ?lomentum Storage. 
Maqnetic to rqu ing  can be achieved by means of maanetic c o i l s  on board the 
spacecraf t  which i n t e r a c t  w i t h  the Ea r t h ' s  magnetic f i e l d .  Since the  
s t reng th  o f  the magnetic f i e l d  ai: gecsynctlronous a1 t i t u d e  i s  very low, t h i s  
approach r e s u l t e d  i n  a very l a r g e  electromagnet bo th  i n  te rns  o f  s i ze  and 
Figure 3-43.  Sola r  Torques for  a Typ ica l  Day 
mass. Because o f  i t s  excessive mass, as we l l  as t h e  problem: o f  i r ~ t e g r a t i n o  
t he  l a rge  c o i l  w i t h  t he  deployable r e f l e c t o r ,  t h i s  approach was discarded 
from f u r t h e r  considerat ion. 
Center-of-pressure con t ro l  can be achieved by t h e  a r t i c u l a t i o n  of  a  s u i t a b l e  
con t ro l  vane o r  surface. For example, a  l a r g e  1 ightweight ,  a1 uminumcoated 
Mylar con t ro l  surface would be a r t i c u l a t e d  t o  a t t a i n  the  des i red  CP con t ro l .  
Although such a system could be made l igh twe igh t ,  i t  was r u l e d  ou t  because 
i t  adds subs tan t ia l  s t r u c t u r a l  complexi ty and s t r u c t u r a l  f l e x i b i l i t y .  
The mass expu;ziorl approach u t i l  i zes  the  t h r u s t  created by a p rope l lan t .  
Typ ica l  example: w ~ . l l d  be e i t h e r  c o l d  o r  ho t  gas j e t s  (n i t rogen,  hydrazine, 
e ts . )  , o r  var ious forms ~f e l e c t r i c  propuls ion (pulsed plasmas, i on  th rus te rs ,  
etc.). A comnon c h a r a c t e r i s t i c  t o  a l l  of these approaches i s  t h e  consumptior, 
o f  some expendaole propel lant .  O f  a l l  o f  the  above, hydrazine i s  a  good choice 
i n  t h a t  i t  has been success fu l l y  flown i n  many s a t e l l i t e s .  It a l so  has a good 
1 speci f i c  i ~ p u l s e  I s p  1, 220-300 s, about f ou r  t imes b e t t e r  than n i t rogen.  
Although e l e c t r i c  propuls ion can achieve s p e c i f i c  impulses 10 t imes b e t t e r  than 
hydrazine, i t s  s t a te  or development i s  not as advanced. For these reasons, 
i iydrazi  ne t h rus te r s  w i  11 be assumed f o r  the rma'nder  o f  t h i  s d iscussion. 
Momentum storage devices, such as Reaction Wheels (RW) and Control  Moment Gyl-os 
(CMG) , produce the des i red to rqu ing  by acce le ra t ing  o r  dece le ra t ing  a sp inn ing 
f lywhsel,  o r  by g lmba l l i ng  i t  so as t o  r e o r i e n t  i t s  sp in  axis. Both types o f  
systems are  q u i t e  s im i l a r .  W i  tnou t  l o s s  o f  general i t y ,  a r eac t i on  wheel system 
w i l l  be assumed f o r  the  r e s t  o f  t h i s  discussion. The main problem w i t h  momentum 
storage devices i s  t h e i r  l i m i t e d  st-orage c a p a b i l i t y .  Th is  makes them usefu: 
on l y  u n t i l  they sa tu ra te  (i.e., u n t i l  the RW reaches i t s  maximum speed), a t  
which p o i n t  they must be "unloaded' w i t h  another t o rqu ing  method such as gas 
je ts .  Because o f  t h i s ,  they a re  i d e a l l y  s u i t e d  t o  manage c y c l i c  torqses (such 
as t he  so la r  pressure torques discussed e a r l i e r ) ,  and can thus save a consider-  
ab le  amount o f  p rope l lan t .  For  one-sided constant  disturbance t o r q ~ e  manzge- 
ment, they do l o t  prov ide any p rope l l an t  saving a t  a l l ,  b u t  nevertheless, they 
do o f f e r  the b e n e f i t  o f  temporary accumulation of momentum and thus a l l ow  the  
p o s s i b i l i t y  o f  f i r i n g  the t h rus te r s  much l e s s  f r equen t l y  (every few hours when 
requ i red  t o  unload the wheels). 
I n  order  t o  s e l e c t  a d is tu rbarce  management approach f o r  MSAT, a study was con- 
ducted t o  t r a d e o f f  a gas- je t  on ly  system against  a gas- je t  p l us  reac t i on  wheel 
system. Se lec t ion  c r i t e r i a  included: 
o Po in t i ng  and s t a b i l i t y  performance; 
o R e l i a b i l i t y ;  ~ n d  
o System weight. 
I t  i s  est imated t h d t  i n  an a l l  gas- je t  system, some th rus te r s  would be f i r e d  
every f i v e  minutes, J:! the average. This means t h a t  the s t r uc tu re  would be 
exc i t ed  f requent ly .  The mcst used thrusters would be those which con t ro l  + Y  
w i  ti! about 125 f i r i n g s  per flay, o r  460,OOQ over a 10-year mission l i f e t i m e .  
Tota; system mass t o  combat the disturbances (propel  1 ant, tankage, t h rus te r s )  
i s  520 k g  (1367 I b ) .  
Various gas - j e t  p l us  reac t i on  wheel systems were a l so  considered. The one 
selected uses 100 percent R W  management o f  so la r  pressure torques a l d  25  per-  
cen t  temporary management o f  the one-zided torques ( t h i s  r e s u l t s  i n  wheel 
unloading every s i  rc hours). Because o f  i t s  super io r  c h a r a c t e r i s t i c s ,  t h i  s  i s 
the  system se lec ted  f o r  t he  MSAT. M i t h  t h i s  system, t h e  number o f  t h r u s t e r  
f i r i n g s  reduces t o  f ou r  per  day, w i t h  the most used t h r u s t e r  f i r i n g  onl:~ 14,600 
t imes du r i ng  t he  10 years. Th is  reduc t ion  prov ides a  double bene f i t :  1 )  
i m ~ r o v e d  p o i n t i n g  and s t a b i l i t y ,  and 2 )  r e l a x i n g  the  t h r u s t e r  1  i f e t i ~ n e  requi  re- 
ment by a  f a c t o r  o f  30. Tota l  system mass t o  combat t he  d is turbances (pro-  
pe l l an t ,  tankage, t h rus te r s ,  r e a c t i o n  wheels) i s  280 k g  (617 l b ) ,  o r  about h a l f  
o f  t he  gas - j e t  on l y  system. 
3.13.4 ACS Design Approach 
I n  a d d i t i o n  t o  the  requirements f o r  ma in ta in ing  p rec ise  a t t i t u d e  p o i n t i n g  and 
s t a b i l i t y  o f  a  l a r g e  f l e x i b l e  s t r u c t u r e  i n  an environment o f  l a r g e  disturbances, 
a  number o f  o t he r  key d r i v e r s  l e d  t o  the s e l e c t i o n  o f  the  i4SAT o r b i t a l  con t ro l  
system. The system has t o  accommodate s ta t ionkeeping updates w h i l e  main- 
t a i n i n g  opera t ion  and ~e  ab le  t o  p rcv ide  a  10-year use fu l  o r b i t  1  i f e  w i t h  h i gh  
re1 i a b i l i t y .  The design presented i n  t h i s  document i s  an i n t eg ra ted  design 
capable o f  per forming a1 1  requ i red  fu t tc t ions du r i ng  the var ious ln ission phases, 
i nc l ud ing  bo th  the  p o i n t i n g  and stat ionkeepfng func t ions .  
The ACS design i s  shown schemat ica l ly  i n  Fig. 3-44. Fundamentally, the  systeln 
makes use o f  d i s t r i b u t e d  sensing and ac tua t ion  t o  p o i q t  and s t a b i l i z e  t h e  
antenna. P r i ~ n a r j  a t t i t u d e  con t ro l  o f  the MSAT i s  placed a t  the feed bus, and 
c o n t r o l l e d  t o  0.02 degrees, us ing a h i c l i  bandwidth gyro-based c o n t r o l  l oop  
which i s  nested w i t h i n  an a t t i t u d e  de te rn i na t i on  and gyro d r i f t  c o r r e c t i o n  loop 
us ing s t a r  t rackers .  
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F igure  3-44. A t t i t u d e  Control  S~bsys te r~ ,  Approach and 
Funct ional  Block Diagram 
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The r e f l e c t o r  and the remainder o f  the s t r u c t u r e  i s  then s t a b i l i z e d  an!! con- 
t r o l l e d  w i t h  respect  t o  t he  feed bus t o  an equiva le f i t  9.01 degrees by means o f  
i )  An op t f ca i  d i sh  sensor loca ted  a t  the  feed nh ich  moni tors  the  
mot ion o f  the  r e f l e c t o r  w i t h  respec t  t o  the  feed. 
i i )  S i x  degrees-of-freedom (DOF) con t ro l  ac tua to rs  t o  p rov ide  
forces and torqses a t  the  feed and a? t h t  hub. These s i x  
D3F ac tua to rs  i nc l ude  th ree  small f i n e  p o i n t i n g  r eac t i on  
wheel s  (20 N-m-s) and th ree  a t t i t l ~ d e  c o n t r ~ l  and s t a t i o n -  
keeping j e t s  (0.2-0.9 N t h r u s t )  a t  each loca t ion .  
The o p t i c a l  sensor i s  a1 so used dur ing  P h r x  111 t o  ca r r y  o u t  the  necessary 
al ignment checkout and t o  per furn ciie dynamic measurement requ i red  f o r  i n - o r b i t  
systeins i d e n t i f i c a t i o n .  
I n  a d d i t i o n  t o  the small f i n e  p o i n t i n g  wheels, t h ree  l a r q e r  wheels a re  prov ided 
f o r  d is turbance management. As d isc l~ssed  e a r l  i e r ,  these wheel s  are s i zed  t o  
a1 1  ow 100 percent  management o f  c yc l  i c  so l a r  pressure torques, and p a r t i a l  
management o f  g r a v i t y  g rad ien t  and ba l  anci n3 torques w i t h  fou r  mornantum 
dumpjngs per day. Th is  approach was se lected i n  a  t r a d e o f f  study which was 
performed t o  compare a  gas- je t  c n l y  system aga ins t  a  gas - j e t  an(. whsel system. 
Se lec t ion  c r i  t e c i a  j n ~ l u d e d  pet~:omarlce, re1 i a b i l  i t y  arid weighc. 
Thrusters s t  bo th  ends o f  the s t r u c t u r e  are gulse-modulated t o  keep ne t  average 
tqrust .  through the S I C  center-of-mass dur ing s ta t icnkeeping operat ions.  
Thrusters are a lso  used f o r  a l l  t u r n  maneuvers requ i red  f o r  r eacqu i s i t i on .  
The thrusters are a l  so used i n  Phase I I f o r  primary control during i n i t i a l  
separation ra te  reduction and coarse point ing during deployment (configuration 
aust a l l  w use o f  thrusters while s twc tu te  i s  de~;oying). 
Hardware L i s t  
Table 3-15 provides a l i s t  o f  the control hardware needed t o  implement the ACS 
design j u s t  described. The table iden t i f i es  each component and gives i t s  
physical characterist ics (mass, dimensions), p w e r  and mounting requirements, 
as well as a b r i e f  description o f  i t s  design heritage, estimated l i fe t ime,  and 
other pert inent caments. Total subsystem mass i s  458 kg (1009 1b) o f  which 
279 kg (615 I b )  corresponds t o  ACS electronics, sensors and actuators, and 
178 kg (394 1b) corresponds t o  propellant needed t o  cornbat gravi ty gradient 
and dynamic balancing disturbance torcues. (The associated 2lumbing and 
thruster hardware mass has been included i n  the propulsion subsystem mass.) 
The average power requirement fo r  the ACS subsystec! i s  260 W .  
A detai led description and assessment ~f the above control zmponents and 
other key technology issues can be found i n  Chapter 5. 
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3.14 PROPULSION SUBSYSTEM 
The nominal s t a t i o n  o f  a geosynchronous s a t e l l i t e  i s  i n  the Ear th 's  equator ia l  
plane a t  a r a d i a l  distance o f  42,164 kn from the  center o f  t he  Earth and a t  a 
desi red longitude. The propul s ion  subsystem provides the propel 1 ap t  and hard- 
ware used i n  the o r b i t a l  AV maneuvers r.2. u i r e d  f o r  1) i n i t i a l l y  achieving the  
d e s i v d  o r b i t  and s t a t i o n  fo l lowing the separation from the upper stage vehicle, 
and 2 )  keepir,g the spacecraft there against the e f f e c t s  of the various external 
perturba:ions which w i l l  cause the s a t e l l i t e  t o  d r i f t  frm i t s  nominal s tat ion.  
The major sources of these per turbat ions are the  g r a v i t a t i m a l  p ~ l l  of the Sun 
and the Moon and the anma l ies  i n  the g rav i t a t i ona l  f i e l d  o f  the Earth. Those 
components o f  the per turb ing forces t h a t  are normal t o  the  o r b i t a l  plane r e s u l t  
i n  i n c l  i n a t i o n  changes re1 a t i v e  t o  the equator ia l  p l  ane. Those components 
l y i n g  i n  the o r b i t a l  pldne cause changes i n  the shape o f  the o r b i t  i n  i t s  
plane. I n  order t o  overcome these disturbances and t o  maintain the s a t e l l  i t e  
a t  i t s  s t a t i o n  w i t h i n  a given tolerance, the spacecraft w s t  perform per iodic  
stat ionkeepi ng meneuvers. These o r b i t a l  cor rec t ion  naneuvers are accospl ished 
by f i r i n g  th rus ters  causing incremental changes i n  the spacecraft 's v e l o c i t y  
vector. I n  t h i s  section, the amount o f  p rope l lan t  the spacecraft must carry  
f o r  the purpose o f  stationkeeping and i n i t i a l  naneuverfng i s  estimated. 
Sta ti onkeepi ng Propel 1 ant  
I n  order t o  determine the prope l lan t  mass needed f o r  stationkeeping, the major 
sources o f  per turbat ions are now discussed i n  a 1 i t t l e  more d e t a i l .  It shogld 
be noted tha t  these per turbat ions are i n  add i t ion  t o  the various a t t i t u d e  con- 
t r o l  disturbance torques which were discussed i n  Section 3.13. The amount 
o f  p rope l lan t  needed for  a t t i t u d e  contro l  i s  dependent upon the conf igura t ion  
of the spacecraft and i t s  v u l n e r a b i l i t y  t o  the  various disturbance torques. 
The mass o f  p rope l lan t  needed f o r  stationkeeping however, i s  independent o f  
the spacecraft conf igura t ion  and i s  p r imar i l y  a  func t ion  o f  the ac t i ve  l i f e  o f  
the sate l  1  i t e  i 10 years i n  the case o f  MSAT 1, the  rnass o f  the spacecraft, and 
the type of the prope l lan t  used. 
North-South S t a t i  onkeepi ng 
The sate1 1  i t e  must per iod ica l  l y  make north-south stationkeeping correct ions 
t o  reduce the i n c l  i n a t i o n  o f  i t s  o r b i t a l  plane and t o  res tore  i t  t o  the 
equator ial  plane. The causes o f  d r i f t  i n  o r b i t a l  i n c l i n a t i o n  o f  the s a t e l l i t e  
are pr imar i l y ,  the g rav i t a t i ona l  a t t r a c t i o n  o f  the Hoon and the Sun. A t  
synchronous o r b i t ,  the e f f e c t  o f  the Moon exceeds t h a t  o f  the Sun by a  fac to r  
o f  approximately three. These grav i  t a t i ona l  forces induce a  cum1 a t i v e  
v a r i a t i o n  i n  the i n c l i n a t i o n  o f  the o r b i t a l  plane. If l e f t  uncorrected, t h i s  
i n c l i n a t i o n  bu i l ds  up t o  a maximum o f  14.67 degrees from an i n i t i a l  0 degrees 
i n c l  i n a t i o n  i n  26.6 years. The i n c l i n a t i o n  angle would then decrease t o  
0 degrees i n  a  s im i l a r  per iod o f  time. The r a t e  o f  change o f  i n c l i n a t i o n  per  
year var ies  and depends upon s~ lch  factors as the locat ior !  o f  the Sun and the 
Moon r e l a t i v e  t o  ? t ~  s a t e l l i t e  s tat ion.  The mean r a t e  o f  change f o r  the 
1973-1980 t ime frame was 0.55 degrees/yr. 
The c i  r c l l l  a r  o r b i t  ve loc i t y  o f  a  geosynchronous sate1 1  i t e  i s 3,075 m/s. 
Assuming an average o r b i t a i  i n c l i n a t i o n  ra te  o f  chacge o f  approximately 
0.85 degrees/yr, the required incremental v e l o c i t y  cor rec t ion  per year i s  given 
Ly : 
t V  = 2 V S i n  -- 2 
85' 
= 2 (3,075) Sin ( )  46 m/s 
Therefore, dur ing the 10-year 1 i f e  o f  the spacecraft, per iod ic  maneuvers resul  ti ng 
i n  a cumulative v e l o c i t y  change o f  460 m/s i s  required. A north-south 
stationkeeping maneuver i s  no. ma1 l y  performed when the i n c l  i n a t i o n  angle exceeds 
0.1 degrees o r  roughly every s i x  weeks. 
East-West Stationkeepi ng 
There are anmal i e s  i n  the Ear th 's  g rav i t a t i ona l  f i e l d  and f o r  t h i s  reason, the 
s a t e l l i t e  must make east-west stationkeeping maneuvers t o  co r rec t  f o r  i t s  d r i f t  
i n  longitude. The amount o f  co r rec t i on  depends on the nominal long i tud ina l  
s ta t i on  o f  the spacecraft. Figure 3-45 shaws t h i s  annual AV requirement as a 
func t ion  o f  the s a t e l l i t e  longitude. From t h i s  f igure,  i t  i s  estimated t h a t  a 
t o t a l  AV o f  20 m/s w i l l  be requi red f o r  the 10-year l i f e  o f  the MSAT which w i l l  
be located a t  110" W. longitude. 
I n i t i a l  Maneuvering 
As w i l l  be discussed i n  Sect ion 3.15, MSAT may use an Apogee Kick Motor (AKY) 
i n  the l a s t  l e g  o f  i t s  journey t o  a geosyncbronous o r b i t .  I n  launching today's 
comnunication s a t e l l i t e s ,  such as INTELSAT V, the AKM w i l l  de l i ve r  the space- 
c r a f t  close t o  i t s  o r b i t a l  s tat ion.  However, a f t e r  the AKM burn, some i n i t i a l  
maneuvering by the spacecraft i s  needed t o  achieve the exact o r b i t a l  s tat ion.  
This i n i t i a l  maneuvering f o r  INTELSAT V required a A V  o f  ro~ igh l y  95 mls. Since 
an AKM w i t h  s u f f i c i e n t  c a p a b i l i t y  t o  i n s e r t  the MSAT i n t o  a geosynchronous 
o r b i t  does not  e x i s t  today, i t  i s  d i f f i c u l t  t o  speculate whether by the mid- 
1990s an AKM w i l l  be ava i lab le  t o  de l i ve r  t h i s  massive payload prec isely  t o  
the desired stat ion.  For t h i s  reason, i t  i s  assumed t h a t  the spacecraft must 
car ry  some prope l lan t  over and above t h a t  requi red f o r  stationkeeping so tha t  
a f t e r  the AKM burn, the spacecraft w i l l  be able t o  maneuver i t s e l  f t c  the 
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desired o r b i t a l  s tat ion.  If adding a  AV o f  120 m/s f o r  t h i s  i n i t i a l  maneu- 
ver ing t o  the  480 m/s needed for  a  10-year north-south and east-west s t3 t ion-  
keeping, resul  t s  i n  a  t o t a l  AV requi r e n t  o f  600 m/s. 
Propel 1 ant  Mass Est imation 
The f o l l  owing equations are used f o r  est imat ing the mass o f  p rope l lan t  requi red 
f o r  stat ionkeepi ng: 
AV 
1 ' g  
where Q. = e SP - 1  
and where MI i s  the mass o f  the spacecraft a t  the beginning o f  i t s  on-stat ion 
operat ional l i f e ,  b l ~  i s  the mass of the dry  spacecraft a t  the end o f  i t s  1  i f e ,  
Mp i s  the prope l lan t  mass required t o  achieve the t o t a l  A V  cor rec t ion  dur ing 
the l i f e  o f  the spacecraft, g  i s  the g rav i t a t i ona l  accelerat ion o f  the Earth, 
and I s p  i s  the spec i f i c  impulse of  the prope l lan t  used. Assuming t h a t  the 
propuls ion hardware, i.e., tankage, thrusters,  plumbing, etc., has a  mass 
equal t o  10 percent o f  the mass of  the propel 1  ant, then:* 
where MF' i s  the mass o f  the dry spacecraft exc lus ive o f  the mass 3 f  the 
propul sion hardware. 
* The 10 percent may be an op t im is t i c  number. 
Combining Eqs. (3-15) and (3-16), t h e  r e s u l  i i s  
As was mentioned, I s p  i s  t h e  s p e c i f i c  irnpul se o f  t he  p rope l l an t  and i t s  va l  ire 
depends on t he  p rope l l an t  used. INTELSAT V,  us ing  e lec t ro thern ra l l y  heated 
  no no propellant hydrazine, should achieve an I s p  between 285 and 304 s  du r i ng  
a  7-year mission. For t he  purpose o f  t h i s  study, an ISp o f  300 s  i s  assurned 
which appears t o  be reasonable f o r  t h e  1930 t ime frame. The technology f o r  
e l e c t r i c  p ropu ls ion  w i t h  an or-der-of-magni tude h igher  I s p  i s  discussed i n  
Appendix F. 
The {-\ass MF' f o r  the  FSAT i s  ruugh ly  3,030 kg (sum of t he  f i r s t  e i g h t  i t e n s  i n  
Table 3-16). Frorn Eq. (3-18) w i t h  a  t o t a l  . \ V  o f  600 m/s the  mass of  the  pro- 
p e l l a n t  requ i red  f o r  i n i t i a l  maneuvering a ~ d  f o r  nor th-south and east-west 
s ta t icnkeeping i s  approxi:nately 702 kg. 
As discussed i n  Sect ion 3.13, t h i s  p rope l l an t  i s  t o  be used by t h e  s t a t i o n -  
keeping t h rus te r s  loca ted  a t  t he  bus and a t  t h e  hub o f  t he  UHF r e f l e c t o r .  
These t l ~ r u s t e r s  a t  both  ends o f  the  spacecraf t  s t r u c t u r e  are used t o  keep the  
ne t  average t h r u s t  through t h e  spacecraf t  center-of-mass (CM), thus a l l ow ing  
propol  s i ve  ! - ~d~euve rs  k I t bout having t o  r e o r i e n t  t he  spacecraf t  and t he  ensui rig 
l oss  o f  can~i~unicat ion.  The p rope l l an t  has t o  be d i s t r i b u t e d  between the two 
l oca t i ons  i n  inverse r a t i o  t o  t h e i r  d i s tance  (moment arm) t o  t he  S /C  CM. Th is  
lnenns t h a t  35 percent (596.7 kg) of t he  p rope l l an t  i s  loca ted  a t  the  bus and 15 
percent (105.3 kp) i s  loca ted  a t  t he  UHF r e f l e c t o r  hub. 
I n  add i t i on  t o  the  stationkeeping propel lant,  179 kg o f  propel lant  are also 
required f o r  the a t t i t u d e  cont ro l  subsystem (see Section 3.13). This p rope l lan t  
i s  d i s t r i b u t e d  i n  equal par ts  between the  bus and the hub. 
Summarizing the above then, a t o t a l  o f  881 kg o f  propel1 ant i s  needed by MSAT. 
This propel lant  i s  d i s t r i b u t e d  a t  two locat ions,  a t  the bus (686.2 kg) and a t  
the UHF r e f l e c t o r  hub (194.8 kg). Est imating the propulsion hardware weight a t  
10 percent o f  the propel lant  mass, the  t o t a l  propulsion subsystem weight i s  
equal t o  969.1 kg. 
Biased Orb i t  
As discussed above, the  mass o f  the propel lant  and the propulsion hardware fo r  
MSAT i s  very large. I n  fac t ,  r e f e r r i n g  t o  Section 3.15, t h i s  mass cons t i tu tes  
about 25 percent o f  the t o t a l  weight o f  the spacecraft. Since most of the 
propel 1 dnt i s  used f o r  north-south stationkeeping, the poss ib i l  i t y  and imp! ica- 
t i  ons o f  not  performing north-south stationkeeping i s  now considered. As 
indicated e a r l i e r  i n  t h i s  section, the  mean r a t e  o f  change i n  the o r b i t a l  
i n c l i n a t i o n  i s  about 0.9 degrees per year. Thus, i f  l e f t  uncorrected f o r  10 
years, t h i s  may add up t o  approximately 9 degrees. I f  i n i t i a l l y  the spacecraft 
- 12  launched i n t o  an o r b i t  w i t h  a biased i n c l  i n a t i o ~  o f  4.5 degrees, then i n  10 
years the spacecraft o r b i t  w i l l  be i nc l i ned  a maxinum o f  4.5 degrees r e l a t i v e  
t o  the equator ial  plane. (The lunar  and so la r  per turbat ions w i l l  d r i v e  the 
o r b i t  i n c l i n a t i o n  from +4.5 degrees t i rough 0 degrees t o  -4.5 degrees.) The 
subsatel 1  i t c  point  naximun l a t i t u d e  excursion dur ing each d a i l y  o r b i t  i s  equal 
t o  the o r b i t a l  i n c l i n a t i o n  i n  degrees and the resu l tan t  ground t race o f  the  
subsa te l l i t e  point  var ies from a s ing le  po in t  on the equator t o  a d i f f e r e ~ t  
s ize f igure e ight  depending on the o r b i t a l  i nc l i na t i on .  Point ing o f  the 
antenna t o  the  des i red  t a r g e t  i n  t he  ground cou ld  s t i l l  be n i a i i t a i ned  by 
d a i l y  s lewing o f  t h e  antenna i n  r o l l  through +i degrees where i i s  t h e  o r b i t a l  
i n c l  i na t ion .  
It may be i n t e r e s t i n g  t o  eva luate the  complexi ty of an a t t i t u d e  c o n t r o l  sub- 
system which would be requ i red  t o  dynamical ly p o i n t  the  spacecraf t  antennas i n  
t h e  c o r r e c t  d i r e c t i o n  as t h e  o r b i t a l  p lane d r i f t s  d a i l y  up t o  - +4.5 degrees 
r e l a t i v e  t o  t he  equator. I t  may be advantageous t o  opt  f o r  such a  complex 
a t t i t u d e  c o n t r o l  subsystem and do away w i t h  t h e  l a r g e  p rope l l an t  mass needed 
f o r  north-south stat ionkeeping. Future s tud ies should eva luate t he  impact o f  
t h i s  d a i l y  s lewing requirement on the  a t t i t u d e  c o n t r o l  subsystetn and perform 
the  appropr ia te  t radeo f fs .  
Thruster  Loca t ion  
The l o c a t i o n  and o r i e n t a t i o n  o t  t he  a t t i t u d e  and p ropu ls ion  t h r u s t e r s  on MSAT 
pose a  number o f  cha l leng ing  problems. The usual o r i e n t a t i o n  o f  t he  t h rus te r s ,  
i.e., along t he  p r i n c i p a l  axis,  i s  no t  p r a c t i c a l  i n  t he  proposed MSAT con- 
f i gu ra t i on .  Such an o r i e n t a t i o n  r e s u l t s  i n  t h r u s t e r  plume impingement on t h e  
s t r u c t u r a l  elements. That i s ,  t h e  propel 1  ant deconiposi t i o n  products, o r  gases, 
i n t e r cep t  s t r u c t u r a l  elements a f t e r  expanding through t he  j e t  nozzle. Assu~ni ng 
t h a t  t he  small hydrazine t h r u s t e r s  proposed f o r  MSAT w i  11 use 30-degree ha1 f- 
cone nozzles, a f t e r  t he  expansion, t h e  e f f l u e n t  w i l l  n a i n l y  i n t e r c e p t  anyth ing 
w i t h i n  the  extended 60-degree cone downstrea~n o f  t he  valve. Besides poss ib le  
contaminat ion o f  t he  spacecraf t  w i t h  t h e  exhaust gases, t h e  main drawback o f  
t h i s  impingement i s  the  1  oss o f  e f f e c t i v e  t h r u s t  and waste o f  p rope l lan t .  
Therefore, t o  avoid the  impingement problem, t h r u s t e r s  must be mounted such 
t h a t  t n e i r  t h r u s t e r  ax i s  i s  po in ted a t  l eas t  30 degrees away f r a n  t he  s t r u c t u r e  
su i i i c t  t h e  f i e l d -o f - v i ew  as seen by t he  t h r u s t e r  i s  unobstructed. 
By cant ing the j e t s  away from the structure, the impingement can be minimized, 
bu t  the spacecraft may requ i re  more propel !ant dur ing i t s  mission. To f u r t h e r  
expand on th i s ,  i t  should be pointed out t h a t  the amount o f  p rope l lan t  re-  
qui red by an ensemble o f  th rus ters  t o  produce a ne t  t h r u s t  vector i n  a given 
d i rect ion,  i s  ainimized i f  one o f  the th rus ters  i s  al igned i n  the same 
d i rec t i on  as the desired t h r u s t  vector. I f  the  l oca t i on  o f  the th rus ters  i s  
optimized sole ly  t o  m i t i ga te  the plume impingement, then, i n  general, two o r  
more th rus ters  must be f i r e d  t o  produce a th rus t ,  o r  a l t e r n a t i v e l y  a AV, i n  
the desired d i rec t ion .  I n  t h i s  case, the required prope l lan t  by a i  1  o f  the 
th rus ters  i s  more than what would have been necessary had one o f  the th rus ters  
been al igned i n  the same d i r e c t i o n  as the th rus t  vector. For t h i s  reason, i t  
may be necessary t o  perform a t radeof f  look ing i n t o  the f e a s i b i l i t y  o f  p lac ing  
the thrusters a t  the end o f  the depl oyahle l eve r  arms, s u f f i c i e n t l y  removed 
from the hub and the bus t o  overcome the impingement. A t  such a locat ion,  
th rus ters  can be or iented along an optimum set  o f  axes so as t o  maxiwize torque 
and propel lant  e f f i c iency .  It should be mentioned t h a t  the major po r t i on  of 
MSAT propel 1 ant  i s used f o r  north-south stat ionkeepi ng. S i  nce, f o r  these 
rnanuevers the requi red AV i s  approximately i n  the  d i r e c t i o n  o f  the north-south 
ax is  ( i  .e., normal t o  the o r b i t a l  ve loc i t y ) ,  i t  would be desired to  have 
thrusters along t h i s  axis. 
I n  general, the th rus ter  l oca t i on  f o r  MSAT requi res fu r the r  study and opt i in i-  
zation. I n  the absence o f  such data, the prope l lan t  mass estimate used i n  t h i s  
sect ion i s  based on the s imp l i f y i ng  assumption t h a t  the thrusters are or iented 
i n  the same d i rec t ion ,  o r  perpendicular to, the spacecraft o r b i t a l  v e l o c i t y  
vectors. To the extent  t h a t  t h i s  assuvption may no t  be true, the prope l lan t  
mass estimate o f  t h i s  sect ion must be considered as a lower bound. 
3.15 CONFIGURATION. STOWAGE. MASS PROPERTIES* 
I n  t h i s  sect ion,  t he  stowed and deployed con f i gu ra t i ons  f o r  MSAT are  discussed 
and mas5 and moments of i n e r t i a  t a b l e s  a re  provided. F igures 3-46 and 3-47 
provide two views o f  MSAT i n  t h e  deployed con f igu ra t ion .  I n  Fig.  3-46, V p  i s  
the  ver tex o f  the  parent  UHF parabolo id  r e f l e c t o r  and F i s  the  foca l  po i n t .  
The longer  boom i s  a1 iqned w i t h  the  l o c a l  v e r t i c a l  which i s  6 degrees from 
the antenna ho res i gh t  ( i n  t he  nomenclature used here, the  antenna bo res i gh t  i s  
def ined t o  be the same as the  bores igh t  o f  the  c e n t r a l  UHF beam which i s  aimed 
a t  the  cen te r  o f  t he  coverage area).k* The UHF r e f l e c t o r  o f f s e t  he igh t  (5.5 m) 
i s  se lected so as t o  p rov ide  an unobstructed path n o t  on ly  f o r  the centr31 Seam 
b u t  a lso  f o r  the  southern most scanned beam whose bores igh t  i s  rcdghly  2.5 
degrees from the  antenna bores ight .  Th is  o f f s e t  he igh t  insures t h a t  a l l  the  
beams c l e a r  the  top  o f  t h e  UHF feed array. 
F igure 3-47 shows MSAT as  viewed from the Earth.  Shown i n  t h i s  f i g u r e  a re  the 
deployable s o l a r  ar rays as we l l  as t he  S-band feed and S-bard r e f l e c t o r .  
Wass Proper t ies  
MSAT i s  est imated t o  weigh approx ivate ly  4,000 k g  (8,800 l b )  a t  the beginning- 
o f - l i f e .  The weight breakdown i n  terms o f  major subsystems i s  g iven i n  
Table 3-16. A1 so shown i n  t h i s  t a b l e  i s  the oercent o f  the  t o t a l  weight 
a l l oca ted  t o  each subsystem. I t  i s  i n t e r e s t i n g  t o  note t h a t  MSAT weighs on l y  
tw ice  t h a t  o f  TDRSS, even thoug l~  i t  i s  a  p h y s i c a l l y  much l a r g e r  s a t e l l i t e .  
* The ma te r i a l  i n  t h i s  sec t ion  i s  ex t rac ted  from the r e s u l t s  o f  a con f igu ra -  
t i o n  study performed by the  noeing Aerospace Company under con t rac t  t o  JPL. 
** Kansas C i t y  w i t h  coordinates 39" N .  l a t i t u d e  and 95" W. l ong i t ude  i s  very 
oear ly  the  geographical cen te r  o f  CONUS. 
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Table 3-15. MSAT Ueigh? Breakdown 
1. UHF Reflector; Mast. and Cables 
Weiqht., kg ( l b )  Percent o f  Total  
472.7 (1,MCj 21 1.8 
I 
- UHF Ref lector  and Hast A t t a c k n t  336.4 (740) 
- Upper Mast and Cables 40.3 ( 9 0 )  
- Lower k s t  and Cables 95.4 (210) 
1 2. S-Band Ref lec to r  68.6 ( i51)  '21.7 i 
I 
I 3. S-Sand Feed Array Assemb;y 
I 4. UHF Feed Array Assembly 
I 
I - Radiat ing Elements 113.6 (250) 
I - Elect ron ics 334.5 (670j 
- Beam Fenning Network 243.6 (536) 
i - Cables 119.5 (263) - Thermal Hardware 231.8 (510) 
I - Structure 155.4 (342) 
5. RF Elect ron ics i n  the Bus 
6. ACS 
40 ( 88) - Hardware a t  the  Hub I 
- Hardware a t  the Bus 239.5 (527) j 
I 
i 
i 
7. E l ec t r i ca l  Subsysten~ 347.7 (765) %8.7 i j 
I 
8. BUS Structure, TTC and CAGE 386.4 (850) X9.6 j 
9. Propul s ion Subsystem 
- Propel lant a t  the Bus 686.2 (1510) 
- Tankage a t  the Bus 69 ( 152) 
- Prope i l j n t  a t  the ,~lrb 194.2 ( 428) 
- Tankage a t  the Hub 19 ( 42) 
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Th i s  can be a t t r i b u t e d  t o  t he  f a c t  t h ~ t  MSAT, by v i r t u e  o f  be ing  a  1990s 
s a t e l l i t e ,  uses 1  igh twe igh t  components p a r t i c u l a r l y  i n  t h e  e l e c t r i c a l  sub- 
system. It should be rloted t h a t  wh i l e  the  pr imary power o f  TORSS i s  1.7 kW, 
MSAT has r w g h l y  s i x  t i n e s  as mzn pr imary power, y e t  weighs tw i ce  as w c h .  
Tno ::3ncer-c-' -!lass (CM) f ~ r  the spacecraf t  i s  shown i n  Fig.  3-46. The 
a x i s  o f  ledst i n e r t i a  i s  ~ f f s e t  r e l a t i v e  t o  t he  yaw a x i s  (+Z) by ~ p g r o x i m a t e l y  
17 degrees. Tne clement o f  i n e r t i a  about t he  s e t  o f  axes shown i n  Fig.  3-4b 
6 6 2 6 2 a r e I , =  3 . 9 1 ~  10 kgn2 ,  I y  = 3 . 5 Y x  10 k g m .  and I ,  = 0 . 5 x  13 k g " .  
-. 3 2 
rrociucts cf i n e r t i a  f o r  the  same s e t  o f  axes a re  !Xy = -4.82 x  10 kg n , 
2 IXz = -5.7? x w3 kg mL, and !YZ = 0.98 r l a 6  k g  m . 
Stowage ~f ??FAT i n s i d e  the S h u t t l e  i s  a  cons iderab le  cha!?enge because o f  the 
votume : ? m i t a t i o n  o f  t he  S h ~ t t l e ' s  cargo bay and the  l a r g e  dirnenzicns o f  NSAT. 
To p a t  t h i s  i n  proper p r s p e c t i v e ,  Fig.  3-43 shows a  conceptual drawing o f  
MSAT. Srawn t c  t he  sane scale a re  t he  Shu t t l e  and 4TS-6 w i t h  i t s  9-r;r antenna 
which t o  date i s  the l a r g e s t  deployaSle s a t e l l  i t e  antenna flown i n  a non- 
c1assi f i e d  ni rs ion.  
TI?? stowed con f igu ra t ion  o f  YSAT n s t  on ly  must have a r a d i a l  envelope which 
f i t s  w i t h i n  t he  4.57 m (:5 f t )  d iane te r  o f  t he  S h u t t l e ' s  cargo bay, i t  nus t  
a lso  he compact i n  the a x i a l  d i r e c t i o n  so as t o  a l l ow  su f l  : c i e n t  r-oom f o r  the  
upper stage vsnicte. :.!ore d e t a i l s  on t h j s  are i n  S e c t i ~ n  3.i6. 
The i.;HF fezti array domina?es development crf t h t  l a u n c h  con f i gu ra t i on .  The a r ray  
cons is ts  o f  f i v e ,  hinged, r i g i d  panels t h a t  c a m o t  be co i lapsed i n t o  d s c a l l  
voluiTte as can the booms and r e f l e c t o r s .  I t  i s  t he re fo re  necessary t o  l a y  ou t  
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the feed stowed cross sect ion, shown cross-hatched i n  Fig. 3-49(a), s u f f i -  
c i e n t l y  ins ide  the  4.57-111 (180-in.) Shut t le  cargo bay dynamic envelope t o  
compensate f o r  upper stage vehic le load a l l e v i a t i o n  motions. The remainder o f  
the stowed elements must then be f i t t e d  i ns ide  o r  forward o f  the feed panels. 
This r e s u l t s  ii 1 i m i t i n g  the thickness o f  the UHF feed panel t o  25 cm which i n  
t u r n  impacts the se lec t ion  and the design o f  the feed elenents. 41 so 1 i m i  ted  
by the stowage const ra in t  i s  the cross-sectional s ize o t  the L-shaped boan 
supporting the UHF re f l ec to r .  For a t r i a n g u l a r  cross section, the sides o f  
the t r i a n g l e  must be conf ined t o  2.41 m (95 in.)  which may r e s u l t  i n  a low- 
frequency boom and inf luence the select ion of  a cont ro l  subsystem. F i  yure 
3-49(b) shows the stowed conf igurat ion i n  the ax ia l  d i rect ion.  The elbow i n  
the l a rge  L-shaped boom i s  straightened out  and the e n t i r e  boom col lapses i n t o  
a canister .  The l a rge  UHF wrap-rib r e f l e c t o r  i s  wraoped i n  d compact disk as 
shown a t  the r i g h t  handside o f  Fig. 3-49(b) .  
Figure 3-50 i l l u s t r a t e s  the stowage o f  the two sol 3 r  panels and Fig. 3-51 shows 
the same for the 5-band r e f l e c t o r  and S-band feed. 
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3.16 LAUNCH CONSIDERATIONS 
One o f  the  sel  f-imposed cons t ra i n t s  i n  t h i s  conceptual design o f  the MSAT 
has been t h a t  the  e n t i r e  spacecraf t  should be placed i n  o r b i t  us ing a  s i n g l e  
Space S h u t t l e  Veh ic le  (SSV) launch. Th is  n a t u r a l l y  imposes 1  i m i t s  on the  
volume and t he  weight o f  the  spacecraft.  I n  order  t o  b e t t e r  understand 
these 1  im i t a t i ons ,  f i r s t ,  a  s h o r t  and somewhat simp? i f i e d  exp lanat ion o f  the  
process o f  p l ac i ng  a  payload i n t o  qeosynchro~ous o r b i t  i s  presented. Next, 
some approximate r e l a t i o n s h i p s  between the spacecraf t  o n - o r b i t  weight and 
the  SSV pay load- to -o rb i t  weight are developed. These r e l a t i o n s h i p s  a re  
then used t o  determine the  general c h a r a c t e r i s t i c s  o f  the  upper stage( s )  
needed f o r  MSAT. A d d i t i o n a l l y  , the  cons t ra i n t s  on the  v ~ l  m e and mass 
d i s t r i b u t i o n  o f  the stowed spacecraft as imposed by the  SSV and the upper 
stage veh i c l e  a re  b r i e f l y  addressed. This shculd prov ide som? i n s i g h t  ds t o  
the requi  r m e n t s  f o r  the upper stage( s)  rleeded f d r  '.!SAT. 
The Launching Process 
I n  order  t o  p lace a  spacecraf t  i n t o  the geostat ionary  Ear th  o r b i t  ( G E 3 )  the 
spacecraf t  i s  f i r s t  launched by the  S S V  i n t o  a  nominal 278 kin (173 tni) 
c i r c u l  a r  park ing o r h i  t. This  park ing o r 3 i  t i s  normal ly  r e f e r r e d  t o  as 1 ow 
Earth o r b i t  (LEO) .  The park in9 o r b i t  i s  i n c l i n e d  w i t h  respect  t o  the equator 
and genera l l y  the  i n c l  i n a t i o t i  i , ~ g l e  i s  the same as the l a t i  tune o f  the launch 
s i t e .  Thus, f o r  p a y l o ~ d s  launched due edst  from Cape Kennedy, t b i  s i n c l  i n a t i o n  
i s  roughly 28.3 dearees. I n  the case o f  the  MSAT, i t  i s  envis ioned t h a t  the 
spacecraf t  dud the uDper s tage(s)  w i l l  be 1  i f t e d  t o  LEO v i a  the S S V .  A f t e r  
deployment from the S h u t t l e  o r b i t e r  i n  LEO, two p ropu l s i ve  boost phases a re  
requ i red  t o  place the spacecraf t  i n  geosynchronous o r h i  t. The f i r s t  propul s i v e  
boost phase occurs near the equator ia l  crossing o f  the LEO and includes a 
plane change o f  approximately 2 degrees. This now places the  veh ic le  i n t o  a 
h igh l y  e l l i p t i c a l  o r b i t  and u s m l l y  remains i n  t h i s  o r b i t  f o r  several r e ; ~ l  u- 
t ions. Near apogee o f  the  e l l i p t i c a l  o r b i t ,  a second ?ropul s ive  boost phase 
occurs t o  c i r c u l a r i z e  the o r b i t ,  make the add i t iona l  plane change o f  approxi- 
mately 26.5 degrees, and achieve the  geosynchronous 3 r b i t  ve loc i t y  required. 
The upper stage requi red t o  accomplish the f i r s t  boost phase, i .e., t o  take 
the spacecraft from the park ing o r b i t  t o  the geosynchronous t rans fe r  o r b i t ,  
i s  normally re fe r red  t o  as the Perigee Kick Motor (PKM). The second boost 
phase needed f a r  the plane change, and achieving the geosynchronous c i  r cu l  a r  
o r b i t  ve loc i ty ,  i s  acconpl ished by an Apogee Kick Motor (AKM) . The PKM and 
AKM could be two completely separate systems. An example would be the Spin 
Stab1 ished Upper Stage (SSUS-A) which i s  a PW, and a Thiokol TE-364 which i s  
an AKM. However, i n  some upper stages the PKM and AKM are consolidated i n t o  
a s ing le  system and are represented by the two stages o f  the same vehicle. 
The two-stage DO0 I n e r t i a l  Upper Stage (IUS) i s  one such example. I n  t h i s  
case, the f i r s t  stage funct ions as the PKM, and the second stage functions as 
the AKM. Yet a d i f f e r e n t  tyoe o f  vehicle, such as the proposed wide-body 
Centaur f o r  the Shutt le,  i s  a s ing le  upper stage capable o f  mu1 t i p l e  burns so 
t h a t  w i t h  two burns the maneuver-s associated w i t h  PKM and AKM can be accom 
pl ished. The prope l lan t  f o r  the AKM and PKM may be s o l i d  or  l i q u i d .  For 
example, the I U S  uses s o l i d  propel lants f o r  both o f  i t s  stages. On the o ther  
hand, the wide-body Centaur uses l i q u i d  hydrogen and l i q u i d  oxygen propel lants.  
It must be noted t h a t  the PKM, AKM, and the spacecraft taken together con- 
s t i t u t e  the payload f o r  the Shutt le.  The AKM and the spacecraft represent the 
payload f o r  the PKM; the spacecraft  cons t i tu tes  the payload f o r  the AKM. 
I n  order t o  determine the maximum a1 1  owabl e  weight f o r  MSAT, a  c l o s e r  1  ook a t  
each o f  t he  two p rev i ous l y  mentioned maneuvers i s  necessary. The v e l o c i t y  o f  
a  body i n  a  c i r c u l a r  o r b i t  i s  g iven by: 
where u i s  the  Ea r t h ' s  g r a v i t a t i o n a l  constant  and i s  equal t o  398,603 km3/s2, 
and r i s  t he  r ad ius  o f  t h e  o r b i t .  For t he  park ing  o r b i t  discussed i n  t h i s  
sect ioc ,  r i s  the  sum o f  the r ad ius  o f  the  Ea r t h  and the  LEO a l t i t u d e  and i s  
roughly equal t o  6,656 km. Thus us ing  Eq. (3-19), t h e  o r b i t a l  v e l o c i t y  f o r  LEO 
i s  found t o  be 7.73 km/s. S im i l a r l y ,  f o r  an e l l i p t i c a l  o r b i t ,  the v e l o c i t y  
a t  any p o i n t  i n  t h e  o r 5 i t  i s  g i ven  by: 
where a  i s  the  o r b i t  semi-major axlb, and r i s  the d is tance from the  cen te r  o f  
the  Ear th  t o  any o o l n t  i n  t h e  o r b i t  f o r  which t h e  v e l o c i t y  i s  being ca lcu la ted .  
For  the  LEO-to-GEO t r a n s f e r  o r b i t  discussed e a r l i e r ,  Vp = 10.16 km/s and 
V 3  = 1.61 km/s, where V a  and V p  are  t h e  v e l o c i t i e s  a t  the  per igee and apogee 
p o i n t s  o f  the  o r b i t ,  respec t i ve ly .  For  a cop1 ar a r  tanoen t ia l  (Hohmann) t r ans fe r ,  
t he  PKM i n j e c t s  i t s  payload frorn the  park ing  o r b i t  i n t o  the  t r a n s f e r  o r b i t  by 
p rov i d i ng  a  v e l o c i t y  change, 
where \/LEO i s  the c i r c u l a r  o r b i t a l  v e l o c i t y  i n  the LEO park ing  o r b i t  and V p  i s  
tne per iqee v e l o c i t y  o f  the trans::? o r b i t .  Note t h a t  f o r  t h i s  exampls, LEO 
and the t r a n s f e r  o r b i t  are  assumed i? the same p h n e ,  so t h a t  nc! plane change 
i s  made dur ing  the f i  r s t  p r l ~ p u l  s i  ve boost  phase. 
The AKM on the o ther  hand, which places i t s  pay1 oad, i .e., the spacecraft, i n t o  
geosynchronous o r b i t ,  must provide a plane change i n  add i t i on  t o  a v e l o c i t y  
boost. The A V  which must be provided by the AKM i s  given by the law o f  cosines 
as: 
where VGEO i s  the required c i r c u l a r  o r b i t a l  ve loc i t y  a t  GEO as obtained from 
Eq. (3-19), V a  i s  the ve loc i t y  o f  the spacecraft a t  the apogee o f  the t rans fer  
o r b i t ,  and i s  the i n c l i n a t i o n  angle between the t rans fer  o r b i t  and the equator. 
From the previous discussion, we have f o r  the AKM ve loc i t y  increment: 
Weight Constraints 
With the above backgrounds, the maximum allowable weight o f  the spacecraft f o r  
a s ing le  Shut t le  launch i s  now estimated. Let  the mass o f  the spacecraft a t  
the beginning o f  i t s  l i f e  be denoted by MSC. Using Eq. (3-18) from Section 
3.14 we have 
where 
and Mp i s  the combined prope l lan t  mass f o r  the AKM and PKM. 
Assuming the  weight o f  the  tankage, t h rus te r s ,  adapters, etc., f o r  bo th  t he  
AKM and PKM, t o  be 10 perc .:t o f  the weight o f  t h e i r  combined p rope l l an t ,  i t  
can be w r i t t e n  
where M '  i s  the  weight  o f  the  S h u t t l e  i n t eg ra ted  payload, i.e., the  weight o f  
AKM, PKM and the  spacecraf t .  Using Eqs. (3-24) and (3-26! r e s u l t s  i n  
The maximum Shu t t l e  payload c a p a b i l i t y  i s  29,545 k g  (65,000 I b ) .  The S h u t t l e  
payload t o  LEO c a p a b i l i t y  o f  65,000 1 b i ncl  ud?s: 
a)  Spacecraft;  
b )  AKM and PKM k i c k  s tage(s ) ;  
c )  Spacecraft A i  rborne Support Equipment ( A S €  1; and 
d) AKM and PKM A S €  and i n t e r f a c e  w i t h  t he  Shu t t l e  equipment. 
Consequently, i t  i s  assumed t h a t  25,000 kg  o r  (55,OOQ 1b) i s  a v a i l a b l e  f o r  the 
payload ( i  .e., AKM, PKM, and the  spacecraf t ) ,  and Eq. (3-27) can be used t o  
c a l c u l a t e  MSC as a  f unc t i on  o f  the p rope l l an t  I s p .  This i s  shown i n  F ig .  3-52.* 
* Due t o  the var ious g i m p i i f y i n g  assumptions made, t he  r e s u l t  dep ic ted i n  t h i s  
f i g u r e  should be considered as an approx in?t ion.  Checked against  some data f o r  
e x i s t i n g  upper stages i n d i c a t e  t h a t  F ig .  3-52 ;nay be p e r s i ~ n i s t i c  w i t h  accuracy 
i n  the  range o f  15 percent. 
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Th i s  f i g u r e  p o i n t s  out, f o r  example, t h a t  t h e o r e t i c a l l y  w i t h  an i s p  o f  300 s  
which i s  represen ta t i ve  o f  s o l i d  p rope l lan ts ,  an upper stage can be designed 
t o  d e l i v e r  a  spacecrdf t  o f  roughly  2,750 kg (6,050 I b )  t o  geosynchronous 
o r b i t .  Clear:y, an upper stage w i t h  a h igher  I s p  i s  needed f o r  t he  MSAT. 
Assuming an I s p  o f  450 s, which can be achieved w i t n  l i q u i d  hydrogen p i u s  
oxygen p rope l lan ts ,  a  spacecraf t  o f  roughly  5,100 kg  (11,220 l b )  can be 
placed i n t o  geosynchronous o r b i t .  The proposed wide-body mu1 t i p 1  e-burn C v t a u r  
represents an upper stage i n  t h i s  c;ass. 
The Shu t t l  e/Centaur upper stage i s  being evdl uated by NASA as an a1 t e r n a t i  ve 
t o  the DOD two-stage IUS.  Centaur i s  a  c r y ~ g e n i c  veh i c l e  u t i l i z i n c  a'  1 
hydrogen and 1 i q u i d  oxygen propel lants .  The l e n g t h  o f  t h i s  stagt. 3r5 5 
depending on i t s  weight capabi l  i ty .  Cne vers ion  considered f o r  l ir\r l . I ng 
NASA's Gal i l e o  spacecraf t  has a  l eng th  o f  roughlbl 8.84 rn (29 f t ) ,  and a 
diameter o f  approximately 4.33 m (14.2 f t ) .  The term 'wide-body' i s  used t o  
d i s t i n g u i s h  t h i s  ve rs ion  o f  the  Centaur from the  standard stage c u r r e n t l y  used 
on A1 tas-Centaur expendable 1  aunch vehic les .  If deve; oped, the w i  de-body 
Centaur would have t he  c a p a b i l i t y  o f  launching MSAT i n t o  GEO. 
The DOD two-stage IUS which has the c u r r e n t  c a p a b i l i t y  o f  p l ac i ng  a 2,270 k g  
(5,1)00 1b) spacecraf t  i n t o  GEO i s  no t  powerful enoug!! for  MSC.T. However, some 
t a l k  e x i s t s  o f  extending the c a p a b i l i t y  o f  the IUS t o  almost, tw ice i t s  present  
va l  ue. 
Yo1 ume Cons t ra i n t  
I n  a d d i t i o n  t o  the weight 1  i m i t a t i o n ,  the S h u t t l e ' s  volcme c o n s t r a i n t  a1 so 
bocnds the  rnaximuo s i ze  o f  the  spacecraf t  t o  be launched. The S h u t t l e ' s  cargo 
bay I zpresents a cy l indr icat  space w i th  a maximum diameter of 4.57 m (15 f t )  
and a max!mm length o f  18.3 r (60 f t  o r  720 in.). I n  the example qiven above, 
the length of the wide-body Centaur upper stage i s  8.84 m (29 f t  o r  348 in.!. 
Clearly then, a spacecraft launched by t h i s  upper stage not only shouid have 
a maximum weight which i s  compatible w i th  the Centaur zapabil ity, but, i n  
addition, i t s  t o ta l  stowed length should not exceed 9.46 m (31 ft o r  372 in .  ). 
A1 lowing soine room f o r  clearance, i t  i s  1 i ke l y  tha t  the actual avai lable space 
f o r  the stowed spacecraft be no more than ha1 f the Shuttle cargo bay, i .e. , 
3.15 m (30 f t  o r  360 in.). 
The present design o f  MSAT resu l t s  f n an overal l  stowed length o f  11.7 m 
(38.3 f t  o r  460 in.) and wi th sane modification t o  the L-shaped deployable 
re f lec to r  support boom, i t  can be fur ther reduced t o  10.56 m (34.6 f t  o r  
416 in.). However, the present design i s  f a r  from being opt-imized and whi le 
the stowage appears t o  be challenging i t  does not appear t o  be impossible. 
But, i n  t e n s  of latlnching MSAT, the importance o f  an upper stage development 
cannot be overstated. 
Mass Distr ibt i t ion 
The Shutt le payload must have a Center-of-Gravity (CG) poin t  which i s  confined 
t o  a prescribed envelope. I f  due t o  configurational constraints nf e i ther  the 
stowed MSAT o r  that  o f  the upper stage vehicles, the resu l tant  CG f o r  the 
integrated Shuttle o rb i te r  paylozd f a l l  s outside the a1 1 wed  envelope, then a 
bal l a s t  may be required. T ie addet . e ight  o f  the ba l las t  w i  11 fur ther 1 i m i  t 
the maximun allowable weight for MSAT. 
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Chapter 4 
The Ground Segment 
4. THE GROUND SEGMENT 
The LMSS ground segment consis ts  o f  two types o f  t e m i n a l s ,  mobile and f ixed.  
The f i x e d  terminals, along w i t h  the other  equipment located a t  the LMSS base 
stat ions, serve as the i n te r face  between the  LMSS and the w i r e l i n e  networks. 
The design presented i n  t h i s  docment lssumes 25 such base stat ions.  Cn the 
other  hand, mobile terminals which are located i n  the subscribors' vehic les are 
numbered i n  hundreds o f  thousands and provide the means o f  a user 's access t o  
the s a t e l l i t e  network. The purpose o f  t h i s  chapter i s  t o  discuss the s a l i e n t  
features o f  these two components o f  the LMSS ground segment. 
Section 4.1 b r i e f l y  discusses the base stat ions. Since these s ta t ions  are 
expected t o  he q u i t e  s imi la r ,  both i n  func t ion  and hardware makeup, t o  those 
o f  the t e r r e s t r i a l  c e l l u l a r  system, t h i s  document does not  discuss then1 i ! t  
d e t a i l  . 
The mobile terminals can be viewed as heing cornposed o f  two components, the 
transceiver and the antenna. Modulation i s  an important considerat ion 
a f fec t ing  the makeup o f  the rnohil e transceiver. Factors surrounding select ion 
d f  a modulation schene f o r  the LMSS are presented i n  Section 4.2.1. The  nob bile 
veh ic le  antenna, which w i th  i t s  attendaiit - och~n ica l  and e l e c t r i c a l  require- 
ments pose a chal lenging problem t o  the LYSS designers, i s  covered i n  Section 
4.2.2. 
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4.1 BASE STATIONS 
LMSS base stat ions provide c a l l  routing, make channel assignment, i n i t i a t e  
paging and i n  general , he1 p monitor and control  the LMSS netcurk. Addi ti on- 
a1 l y ,  they serve as the inter face between the sate1 1 i t e  system and the wire- 
l i n e  network. 
The base stat ions proposed f o r  the conceptual design presented i n  t h i s  docs- 
ment, use 3-m S-band re f l ec to r  antennas t o  connnunicate wi th  MSAT, w i t h  the 
up1 ink and down1 ink being over two 35 MHz bands. Since the base s ta t ion uses 
the same antenna f o r  both t ransmit t ing and receiving, diplexers are required. 
It i s  desirable t o  1 i m i t  the diplexer and cable losses t o  approximately 1 dB. 
The receiver noise f igure f o r  the present design i s  assuned t o  be 2 dB. 
The power required per channel i+ 26 mH with the t o ta l  required transmitter 
power o f  approximately 13 U ( f o r  a t o t a l  o f  380 channels). These power 
estimates include a 4-dB power saving afforded by the use o f  Voice Operated 
S w i  t ch i  na (VOX 1. 
The switching and control equipment necessary a t  the LMSS base stat ions have 
not been studied. However, i t  i s  expected t ha t  they w i l l  be qu i te  s imi lar  t o  
the c e l l  u l  ar  system equi p e n t  C 11. 
4.2 MOBILE EOUIPMENT 
Conmunication s a t e l l i t e s ,  i n  one sense, can be grouped i n t o  two categories. 
The f i r s t  category, which includes most o f  the  present day s a t e l l i t e s ,  com- 
municate w i t h  f a i r l y  powerful ground s ta t i ons  having l a rge  antennas and 
complex receivers. This then permits the s a t e l l i t e  antenna t o  be re la t i ve1  j 
unsophi st icated. The geographical 1 y dispersed users f o r  t h i s  c lass o f  
s a t e l l i t e  are connected, v i a  t e r r e s t r i a l  means, t o  the  ground s t a t i m s  where- 
upon the channels are trunked and relayed t o  the s a t e l l  i t e .  4 c lass i ca l  
example o f  t h i s  c lass of s a t e l l i t e  i s  the INTELSAT series. 
The second categot-y o f  comnunication s a t e l l i t e s ,  which w i l l  f l o u r i s h  i n  the 
next two decades, and o f  which MSAT i s  an example, are s a t e l l i t e s  t h a t  
prov ide service d i r e c t l y  t o  the gser 's premise. Here, hundreds o f  thousands 
o f  users d i rect !  y access the satel! i t e  through inexpensive transceivers and 
small antennas mounted on t h e i r  rooftops o r  car  tops. The economics o f  
prov id ing d i  rect-to-the-user service d i c t a t e  the user 's  equipment, which i s 
produced i n  quan t i t i es  o f  hundreds o f  thousands, t o  be inexpensive. 
MSAT provides direct- to-the-user service and as such must communicate w i t h  
small mobile antennas and a f a i r l y  simp1 e transceiver. This then establ ishes 
the f i r s t  cons t ra in t  i n  designing the mobile equipment f o r  MSAT. The second 
c o ~ s t r a i n t  on mobile equipment i s  imposed by the l i k e l i h o o d  o f  i n teg ra t i ng  
the s a t e l l i t e  and the t e r r e s t r i a l  mol i l e  systems. I n  the fuccrre ,  th"  
i n teg ra t i on  o f  the LMSS w i t h  the t e r r e s t r i a l  cel  l u l a r  systcln ~i i I 31 low f o r  
a t r u l y  ubiquitous mobii e rad ia  service. Ant ic ipa t ing  such ; . I  i n tegra t ion ,  
the technical parameters fo r  LMSS mobile terminals should be selected i n  
such a manner so as t o  allow a subscriber t o  use the same set o f  equipment 
for both the t e r res t r i a l  and the s a t e l l i -  systems. For t h i s  reason, i t  i s  
strongly desired tha t  the LMSS mobile equipment be compatible wi th the plat~ned 
ce! l u l  a r  mobile telephone system 6s t y p i f i e d  by Be1 1 System's Advanced Mobile 
Tel ephone Service (AMPS 1. 
Since the modulation scheme has a strong impact ot; the makeup o f  the mobile 
transceiver, Section 4.2.1 discusses the ra t iona le  f o r  select ing the modul a- 
t i o n  scheme f o r  MSAT. Another important aspec, ,, mobile transceiver nanely 
i t s  transmitter power reauirement ( ~ 2 . 5  U) has already been discussed i n  
Section 3.9, Table 3-10. 
Tne mobile antenna must be mall and because the mobile may constantly roam 
wi th in  the coverage area, the antenna must be omnidirectional i n  ~ z i r i t h  dnd 
may have only a marginal gain i n  the elevation. Furthermore, i t  i s  desirable 
t o  use the same set o f  mobile antennas throughout the coverage area. Some 
options f o r  the mobile antenna are presented i n  Section 4.2.2. 
4.2.1 Selection o f  Voice Link Modulation 
Any system tha t  involves the transmission o f  voice signals must contend wi th 
a wide range o f  d i f f e r i ng  inputs, i.e., the highly variable nature o f  the 
speaking population. The voice dynamic range o f  a given speaker when engaged 
i n  telephonic com~unication i s  t yp i ca l l y  20 dB, while the dynamic range over 
the t o ta l  population o f  speakers, from the sof test  t o  the loudest i s  some 
30 dB. Thus, the voice l i n k  must be able t o  e f f i c i e n t l y  acconmodate an overal l  
input dynamic range o f  50 dB. 
A second very impor tan t  cons idera t ion  i s  the  q u a l i t y  o f  the speech reproduced 
a t  t h e  ou tpu t  c f  t he  t ransmiss ion system. S i g n i f i c a n t  measures i n  t h i s  regard  
a r e  a r t i c u l a t i o n  o r  i n t e l l i g i b i l i t y ,  s igna l - to -no ise  r a t i o  (SNR), c ross ta l k ,  
and speaker i d e n t i f i c a t i o n .  General ly, t h e  vo ice  qua1 i t y  from t h e  LMSS should 
be roughly  on a par w i t h  t h a t  considered acceptable f o r  the  present  day t o l l  
service.  
From the communication engineer '  s perspect ive,  no th ing  coul d be 1 ess des i r ab le  
than t he  aforementioned c h a r a c t e r i s t i c s .  Beset by pragmatic mat ters ,  such as 
a v a i l a b l e  t r ansm i t t e r  power cons t ra i n t s ,  channel bandwidth ! i m i t a t i o n s ,  and 
system design dictums such as "maximize t h e  number o f  channels," "b? corn- 
p a t i b l e  w i t h  i n t e r f a c i n g  dnd tandem systems," and " l e t ' s  use the  most ,anted 
techniques w a i l a b l e , "  t he  task 3f spec i f y ing  a modulat ion system f o r  t h e  LMSS 
be-omes a r d u ~ u s .  
However, t he  most b i nd ing  c o n s t r a i n t  on the s e l e c t i o n  of a modulat ion scheme 
f o r  t h e  LMSS i s  t h e  des i r e  t o  i nsu re  t h a t  t h e  mobi le  t ransce ive r  used i n  t h e  
Land Mobi le  Sate1 1 i t e  System does n o t  s i g n i f i c a n t l y  d i f f e r  from the equipment 
used i n  the t e r r e s t r i a l  c e l l u l a r  mobi le  system as t y p i f i e d  by B e l l  System's 
Ad~dnced Mobi le  Pnone Serv ice (AMPS). This c o m p a t i b i l i t y  requirement i s  
des i rab le  so .:hzt the  equi  v e n t  a1 ready under development f o r  t he  c e l l  u l  a r  
system can be used, w i t h  some mod i f i ca t ions ,  f o r  the LMSS, thus reduc ing the  
c o s t  o f  a user which subscribes t o  bo th  services.  
It i s  w i t h i n  t h i s  framework t h a t  the se lec t i on  o f  a base1 i ne  modulat ion 
technique f o r  t he  LMSS i s  summarized. Tradeoffs and a1 t e rna t i ves  a re  ou t -  
l i ned ,  and poss ib le  f u t u r e  op t ions  are discussed. 
D i g i t a l  Modulation 
The hear t  o f  the modulation tradeoffs involves the issue o f  whether d i g i t a l  o r  
analog methods should be used. For a dibr t a l  system, the voice signal,  which 
i s  inherent ly  analog a t  i t s  source, must be d i g i t i z e d  i n  some fashion. Because 
o f  a t o t a l  UHF RF band l i m i t a t i o n  o f  10 MH2, i t  i s  decided t h a t  the bandwidth 
o f  each i nd i v idua l  voice channel, i r r espec t i ve  o f  modulation form, should not, 
a t  the very most, exceed 30 KHz. Thus, the  maximum b i t  r a t e  which can be 
accmoda ted  using Quadrature Phase-Shift Keying (QPSK) o f  the c a r r i e r  i s  on 
the  order 6' 32 Kbps. A speech encoding technique capable o f  t h i s  b i t  r a t e  i s  
Adapative De l ta  Modulation (ADMI. However, system output speech qual i t y  i s 
considerably below to1 1-grade transmission ,* and the  resul  ti ng overa l l  capacity 
o f  the LMSS i s  considered marginal due t o  the requi red 30 KHz channel band- 
width. 
I n  add i t ion  t o  ADM, o ther  d i g i t a l  speech encoding algorithms, such as Adaptive 
Pred ic t i ve  Coding (APC ) and Linear Pred ic t i ve  Coe f f i c i en t  (LPC ) vocoding, are 
po ten t i a l  candidates. These methods have the po ten t i a l  f o r  reducing the b i t  
r a t e  t o  as 1 i t t l e  as 2.4 Kbps (thus permi t t ing  channel bandwidths as small as 
perhaps 3 KHz); however, t h e i r  re1 a t i  vely 1 arge encoder hardware complexity, 
p lus t h e i r  synthet ic  qual i t y  voice -eproduction, present ly  make them 
undesirable. 
* Throughout the  t radeo f f  a c t i v i t y  lzading t o  the basel ine LMSS design and per- 
formance speci f icat ions,  the issue as to  whether t l ie  LMSS should provide to1 1- 
grade qual i t y  was addressed. A f te r  m c h  study, i t  was concluded t h a t  a system 
capable o f  saaewhat less  than to l l -g rade service w i l l  be necessary i f  an 
acceptable system capacity i s  t o  be obtained considering a1 1 cons t ra in ts  imposed. 
Apar t  from the  speech encoding problem, a d i g i t a l  modulat ion system a1 so 
f nvol ves t he  need f o r  synchronizat ion which f o s t e r s  a moderate1 y complex 
mobi le  rece iver  design. Taking the speech encoding and d i g i t a l  synchroniza- 
t i o n  issues together,  i t  was decided t h a t  d i g i t a l  modulat ion r e s u l t s  i n  mob i le  
equipment which does n o t  comply w f  t h  the self- imposed system requirement o f  
remaizic$ rnm;;tibie w i t h  t he  c e l l  u l  a r  mobi le system. However, because o f  t h e  
r a p i d l y  f a l l i n g  cos t  o f  LSI c i rcu i t r . ,  d i g i t a l  modulat ion w i l l  cont inue t o  
be an a t t r a c t i v e  op t ion  f o r  systems p r ~ p o s e d  f o r  t he  1990s. I t s  use f o r  t he  
LMSS base1 i n e  design, however, was precluded main1 y due t o  the compati b i  1 i ty  
i SSUP. 
Azalcc Modulation 
Turn ing now t o  analog m ~ d u l a t i o n  forms, o n l y  two generic types of  modulat ion 
have been se r i ous l y  considered f o r  the  LMSS; Narrowband Freq~tency Modalat ion 
(NBFM) and S i  ng le  Sideband (SSB) modulation. SSB modulat ion has the  d i s t ;  n c t  
p rope r t y  t h a t  t he  requ i red  RF bandwidth need no t  be much l a r g e r  than t he  
h ighes t  e f f e c t i v e  frequency o f  the speech s ignal .  T y p i c a l l y  4-5 KHz channels 
w i l l  su f f i ce .  On the  o ther  hand, convent ional  NBFM requ i res  25-30 KHz 
channel s. 
SSB modulation, as app l ied  t o  the LMSS, would operate w i t h  a suppressed c a r r i e r  
i n  order  t o  achieve h igh  t r ansm i t t e r  power u t i l i z a t i o n  e f f i c i e n c y  and prec lude 
c a r r i e r  in termodulat ion terms. As a r e s u l t ,  ve ry  accurate and h i g h l y  s tab le  
c a r r i e r  frequencies a re  needed so t h a t  the frequency d i f ference between t he  
rece ived s ignal  and rece i ve r ' s  est imate o f  the proper c a r r i e r  frequency i s  
l e s s  than 35 Hz. This i s  essen t ia l  i f  good reproduced speech i n t e l l i g i b i l i t y  
and naturalness a re  t o  be obtsined. For  the UHF ?QS hHz band, t h i s  requi re-  
ment can o n l y  be met through the use of  an AFC p i l o t  and an oven-s tab i l i zed  
c rys ta l  oscf l l a t o r  w i  t h f  n the mobile transcef ver. Zontrast ingly,  the use o f  
NBFM can operate w i t h  frequency e r ro rs  as l a rge  as several KHz, thereby 
sf gnf f i c a n t l y  reducf ng the frequency to lerznce requirements o f  an NBFM system 
r e l a t i v e  t o  the use o f  SS5 mooulation. NBFM mobile transceivers need on l y  
r e l a t f  ve l y  sf mple temperature compensated c rys ta l  o s c i l l  ators. 
From a l i n k  design p o j n t  o f  view, the performance o f  NBFM and SSB can e f fec -  
t i v e l y  be made equivalent when a form o f  speech signal ccrnpanding known as 
envelope normal i z a t i o n  i s  employed. This w i l l  be discussed subsequently. 
Be1 1 System's Advanced Mobile Phone Service (AMPS), an experimental urban 
c e l l u l a r  mobile telephone system, operatir lg i n  the 800 MHz band, makes use .,i 
NBFM. It i s  f a i r  t o  s ta te  t h a t  a strong compel1 i n g  reason f o r  NBFM being 
selected as the modulation technique f o r  the basel ine LMSS i s  the desi re t o  
be "compatiblen w i t h  AYPS. The basic redsoning i s  t h a t  because both AMPS and 
LMSS operate i n  the same RF band, AMPS serving urban environments, wh i le  LMSS 
covers suburban/rural/remote areas, a subscriber could obtain complete CONUS 
coverage w i t h  a universal se t  o f  mobile equipment. Thus, the LMSS base1 i n e  
system w i l l  use NBFM, bu t  no t  i den t i ca l  t o  the AMPS, as w i l l  now be out l ined. 
I n  the in t roduc tory  paragraph, i t  was stated t h a t  the dynamic range o f  the  
speaking populat ion i s  on the order o f  50 dB. Reduction o f  t h i s  range by 
means o f  e l e c t r i c a l  s ignal processing i s  necessary if an e f f ! r i en t  cormunica- 
t i o n  system :s t o  resu l t .  The rn~ ihod used i s  known by the tcr,.i compandor 
(contract ion o f  the words compressor and expandor). The p r i n c i p l e  involves 
compression ( o r  reduct ion) o f  the speech signal dynamic range a t  the trans- 
m i  t t e r  p r i o r  t 3  modulation, and a corresponding expansion o f  the received 
signal p r i o r  t o  l i s t e n i n g  reproductfon. I dea l l y ,  the companding operat ion 
i s  t ransparent,  so t h a t  a l i s t e n e r  w i l l  no t  pe rce ive  t h a t  m o d i f i c a t i o n  o f  
the  speaker's s igna l  has occurred. 
Apar t  from reducing the speech dynamic range, companding produces o ther  
t ang ib l e  bene f i t s .  F i r s t ,  t he  weak speech segments o r  s y l l a b l e s  a re  c r i t i c a l  
t o  good a r t i c u l a t i o n .  Compression ac t s  t o  amp l i f y  these segments, w i t h  the 
resu l  t t h a t  the weak s y l l  ab le  SNR, and t he re fo re  i n t e l l  i g i b i l  i t y  , i s increased 
r e l a t i v e  t o  a system t h a t  does n o t  make use of companding. Secor l l y ,  t h g  
expansion process ac t s  as 3 noise and c ross ta l k  suppressor between u t te rances  
and l u r i n g  speech pauses. Consequently, t he re  i s  a l a r g e  sub jec t i ve  SFIR 
irnprevement apparent t o  t he  1 i stener,  and l e s s  d i  s t r a c t i o n  and annoyance from 
cclchannel s igna l  s ( a r i  s ing from frequency reuse).  
The AMPS system uses a form o f  compression which ha lves ( i n  dB) the  speech 
dynamic range (2 :  1 compression). Usinq t h i  s compression tecl lnique, channel s 
w i t h  a bandwidth o f  30 KHz are required. However, i t  seems u n l i k e l y  t h a t  
by the  mid-1990s any band- l imi ted system would be so wasteful  as t o  use 
30 KHz vo ice  channels. Therefore, an LYSS opera t ing  i n  t h e  93s sho111d be 
designed, n o t  t o  be compat ib le w i t h  today 's  c e l l u l a r  system, bu t  r a t h e r  tti t h  
t he  c e l l u l a r  system expected t o  be opera t ing  i n  t h a t  t ime per iod.  Acco rd i i g l y ,  
the  LMSS conceptual design presented i n  t h i s  document assumes 15 KHz c4annel 
bandwidth. 
To l i m i t  the channel bandwidth t o  15 KHz, a d i f f e r e n t  compression a l go r i t hm  
must be used. The proposcd ccmpression a l g o r i t h n  f o r  t he  LMSS reduces the 
speech dynamic range t o  0 dB. Known as envelope normal i z a t i o n  ( E N ) ,  the 
opera t ion  invo lves  d i v i d i n g  the  speech waveform by i t s  own exact  envelo?e 
then frequency modulates the t r ansm i t t e r  i n  the most optimum mannzr poss ib le .  
The r e s u l t  from a t o t a l  system perspective i s  a I arm received voice SNR f o r  
a l l  speakers, and a reduct ion o f  the requi red 3' ' , i :  channel spacing f o r  AMPS 
t o  a 15 KHz channel spccing f o r  LMSS. With the EN approach. i t  i s  necessary 
t o  t r a n s a l t  the speech envelope modulated onto a p i l o t  oh ;bcarr ier  placed 
above the speech band i n  order t o  e f f e c t  the expansion process w i t h i n  t:,e 
receiver.  
Table 4-1 presents speech and modulation performance parameters f o r  the base- 
l i n e  LMSS NBFM system. A1 so shown f o r  comparison are the parameters t h a t  
would have resul  tee f o r  the LMSS system had e i t h e r  the AMP5 companding and 
modulation cha rac te r i s t i cs  c r  SSB been used. 
As can be seen, the LMSS EN systems, based on EN NBFM o* 2: l  comlression NBFM, 
d i f f e r  only i? the companding a l g o r i t k ,  and the r e s u l t i r ~ g  peak deviat ion, 
channel bandwidth, and transmi t t e v  power. The c e l l  u l  a r  mobi 1 e equi v e n t  
therefore must be somewhat modif ied f o r  use i n  the  LMSE. However, the modi- 
f i c a t i o n  i s  no t  as extensive as t h a t  required had a d r a s t i c s l l y  d i f t '2 ren t  
scheme, such as d i g i t a l  modulation, been sel ected. 
Voice Operated Switch (YON;  
--- 
A f ina; consit ierat ion i s  given t o  the use o f  VOX ( - ~ ~ i c e  operated transmission) 
t o  minimize the prime power and t ransmit ter  s ize f o r  the spacecraft t o  mobile 
l ink. A we l l  knom cha rac te r i s t i c  o f  conversational speech i s  t h a t  the i n t e r -  
word, short-pause, and l i s t e n i n g  i n t e r v a l  s amount t o  about 60 percent of  the  
running speech pattern. Since i t  i s  considered wasteful t o  t ransmit  a c a r r i e r  
wave during s i lence periods, the speech bearing component o f  the signal (and 
i t s  associated power) should correspandingly be suppressed. The average 
Table 4-1. Modulation and Performance - rameters f o r  
Three Modulation Techniques 
Option 1 Qption 2 
LHSS (Using NBFN Sim i la r  
(3singENNBFM) IUsingSSB) t o  ArPS ) 
1 Parameters 
1 
I Speaki fig Population 0 dB 0 dB 25 de I Compressed Dynamic 
I Range 
Hodulation Parameters 
I Transmitter Peak 2.1 KRz --- 12 Kiiz 
Oeviation i i ! I Channel Bandwidtll 15 KHz 4 KHz 30 Kiiz 
I I 
I 2e la t ive  Transmitter 
! Power P 
I , Received Speech 
f Parameters 
I -  I :li nimua Link j Voice WS SMR 
;Ii cimum L i r 4  
I 
I 
K2ak Syl 1 able SNR 22 dB 22 dB 18.3 dB 
Subjective Voice 10-15 dB 19-15 dE 5-'2 dB 
1 
1 I n t e l l i g i b i l i t y  gC-98 percent 90 percent 33 percen i I 
transmitter power i s  thereby reduced by a factor o f  d.4 !-4 dB). 
With a VOXed signal, provision u s t  be made w i th in  the receiver to squelch 
the ir~creased noise level  presented t o  the 1 is tener due t o  the sudden loss o f  
the i: out speech carr ier .  Conventional squelch methous are ineffectie:c, and 
the necessary control cen only be ef fected through the use o f  envelope modu- 
la ted p i l o t ,  aentioncd ear l ie r .  With SSB nodulation, the en t i r e  VOX process i s  
natural ly  and easi ly  imp1 eaented (especial l y  w i th  EY since the transsiitted 
power f s d i r ec t l y  pmport ional t o  the speech and p i l o t  signal coaponents. 
W i  tii NBFN, the real  i za t ion  o f  VOX i s  not  so simple since ncmal l y  the traps- 
rn i t ter  power i s  independent o f  the modulation. T;~us, i t  i s  necessary t o  detect 
the speech silence in terva ls  (an inherent feature o f  the EN process) and 
synonynrsirsly switch o f f  the carr ier .  The p i l o t  i n  t h i s  case wi!! cons2quently 
have t o  be a separate lou-power cqrr ier ,  since the control signal must be 
present a t  a l l  times. 
4.2.2. *b i le  Vehicle Antenna 
Based on the current LMSS design, the ground mobile vehicle antennas must qeet 
the fol lowing *-equirements: 
1) Low cost; 
2 )  Reasonably conformal t o  or  easi ly  stowable i n  the vehicl 2s; 
3 )  C i  real a r l y  pol a r i  zed; 
4)  Transmitting a t  821-831 MHz band, and receiving a t  866-876 MHz band; 
5 )  Omnidirectional pattern i n  azimuthal plane; and 
6) A minimum o f  3 dB gain i n  the angular region from 19 degrees t o  60 
degrees fra the horizon i n  elevation plane. 
This angular region o f  coverage i s  determined b y  asswring t h a t  MSAT w i  11 be 
located a t  110° W. longitude. The minilsun and n.aximm e levat ion  angles t o  
the  s a t e l l i t e  from a veh ic le  r o m i n g  i n  CONUS w i  11 then be 22 d q r e e s  and 57 
degrees, respect ively,  corresponding t o  s i t e s  i n  the  southern and northern 
p a r t s  o f  CONUS. A1 lowing a possib le veh ic le  t i 1  t o f  - +3 degrees from the zen i th  
due t o  road condit ions, t he  antenna would thus be requi red t o  cover the angular 
r q i o n  as s ta ted  i n  (6) above. 
Three classes of antennas are  c u r r e n t l y  under various stages o f  development. 
These are: 1 ) the cmssed-drooping d ipo le  design, 2) the quadri f i l  a r  he1 i x  
design, and 3 )  the m ic ros t r i p  patch design, t o  be described i n  t k e  fo l low ing 
sections. 
1 ) Crossed-Drooping Dipole Design 
This design consis ts  o f  two i den t i ca l  d ipoles crossed or thogonal ly  a t  t h e i r  
centers. ?he d ipoles are drooping downward t o  increase r a d i a t i o n  a t  low 
e levat ion  angles. F igure 4-1 shows two va r ia t i ons  o f  the design. The inver ted  
"2" type provides a somewhat b e t t e r  RF performance, whereas the i l iverted " b "  
type has a sovewnat simpler mechanical structure. Computer programs, based on 
the Moments Method Analysis, have been d2ve;oped t o  f a c i l i  t a t ?  the design o f  
the antenna. Calculated r e s u l t s  show t h a t  t h i s  design can meet the LMSS 
coverage requi rerrients by ad jus t ing  the rad ia t i on  patterr.  i n  the e levat ion  plane 
t o  two o r  more d i f f e r e n t  posi t ions.  This pa t te rn  adjus+ment can e a s i l y  be done 
by  varying the separation (height)  of the rad ia t i ng  elements from the ground 
p l  dne [which would be the top o f  the vehic le) .  Figure 4-2 shows one desicn o f  
the antenna. The e levat ion pat terns "A"  and "B" are obtained by s e t t i n g  the 
elements a t  two d i f f e r e n t  heights from the ground plane. By  us ing pa t te rn  "A"  

10.6 cm FOR PATTERN " A  
cm FOR PATTERN "B" 
ZENITH 
ALL RADIATING ZLEMEGTS 
ARE IDENTICU 
AbiTENNA AT CENTtS OF GROUhD 
PLANE l . 7 7 m x  l.77n. Ih SIZE 
HORIZON 
;a) Gain 
(b) El 1 iptici ty 
Figure 4-2. Calculated Performance - Crossed Drooping Dipole Design, 
Inverted "U" Type 
f o r  coverage above 45 degrees and pat tern "BE below 45 degrees, a ?ain o f  5 
t o  3.5 dBi and an e l l i p t i c i t y  o f  0.6 t o  4 dB can be obtained i n  the angular 
coverage region o f  the LUSS. Calculations also show tha t  the antenna has good 
omnidirectional azimuthal pat tern (amp1 i tude var ia t ion w i th in  - +0.1 dB), and 
re l a t i ve l y  bmaJ imoedance bandwidth (7.2 percent f o r  VSYR 1.75:l). Since the 
losses i n  the feed structure o f  t h i s  type o f  antenna are r e l a t i v e l y  low, t h i s  
design should have no problem i n  meeting the current  LHSS requirements. A 
breadboard o f  t h i s  design w i l l  be fabricated and tested t o  demonstrate i t s  
u t i l i t y  tc! the LYSS. 
2) Quadr i f i l a r  Hel ix  Design 
- - .- 
This design consi:ts o f  four ident ical  heifces wound equally spaced on a 
cy l  indr ica l  surface. The he1 ices are fed w i th  signals equal i n  amp1 i tude and 
0 degrees, 90 degrees, 180 degrees, 270 degrees i n  r e l a t i v e  phase. A bread- 
board of t h i s  design has been constructed according t o  Ref. 2, and i s  shown 
i n  Fig. 4 - 3 .  Heasured resul ts show tha t  the antenna provides good anni- 
d i rect ional  azimuthal   at tern and a r e l a t i v e l y  high d i r e c t i v i t y  e levat ion 
pattern close t o  horizon, w i th  ex-e l lent  e l l i p t i c i t y .  Figure 4-4 shows the 
measured c i rcular ly-polar ized pattern and the corresponding e l  1 i p t i c i  t y  
pattern obtained by the spinning horn technique. A t  845 MHz, the pat tern peiik 
i s  28 degrees from the horizon wi th  a pat tern d i r e c t i v i t y  o f  6.2 dBi. The 
e l  1 i p t i c i  t y  i s  about 1.5 dB o r  1 ess everywhere except i n  the reg i  oms near 
the zenith and next t o  the horizon. The measured gdin i s  3.8 dBi a t  the 
pattern peak. By reducing losses 01 the present model, i t  i s  expected tha t  
the gain can approach 5 dBi. Eased on indicat ions o f  i n i t f a l  m?asurements, 
the fmpedance bandwidth o f  the antenna meets the LMSS requirement. 

The loca t ion  o f  the pat te rn  peak and the beamwidth i n  the e levat ion  plane are 
determined by the diameter, p i t c h  dfstance, and number o f  turns o f  the he1 ices. 
To sa t i s f y  the LMSS requirements, however, techniques t o  ad jus t  the e levat ion  
pat tern without using separate antennas should be developed. 
3) Mic ros t r ip  Patch Design 
One approach t o  hiaher antenna gain near the  horizon i s  t o  stack rad ia t i ng  
elements i n  the form o f  a v e r t i c a l  array. M ic ros t r i p  patch type rad ia tors  
are good candidates t o  fonn such an ar ray  i n  t h a t  they are small i n  size and 
r e l a t i v e l y  low cost. A prototype rad ia t i ng  element using m:crostrip patches 
has been constructed, as shown i n  Fig. 4-5. The rad ia to r  consists  o f  a 
v e r t i c a l  ly-pol  a r i  zed subel ement and an over1 apping hor izonta l  ly-pol  a r i  zed sub- 
element, combined t o  y i e l d  a c i r c u i  ar lp-polar ized element, as shown i n  Fig. 4-6. 
The inner e l  anent may be thought o f  as a v e r t i c a l  ly-pol  arized, ha1 f-wave 
resonant micros t r ip  patch rad ia to r  composed o f  a copper f o i l  conductor wrapped 
around (360 degrees) a d i e l e c t r i c  tube which, i n  turn, i s  coaxial  w i th  a ground 
c y l  inder. The outer element i s  a hor izonta l  1 y-pol arized, ha1 f-wave m ic ros t r i p  
patch rad ia tor  composed o f  a copper f o i l  conductor o f  pecu l ia r  shape wrapped 
one and one-half times around a d i e l e c t r i c  tuba which, i n  turn, i s  coaxial  w i t h  
the inner radiator .  
Pre l  iminary measurements on t h i s  prototype show an impe4ani.e bandwidth o f  
948.27 MHz t o  958.08 MHz (VSWR 2:l o r  be t te r ) .  A t  956 MHz, the gain a t  broad- 
s ide i s  approximately 0 dBi and the azimuthal rad ia t i on  pat te rn  aP 15 degrees 
from broadside var ies - t0.55 dB. The crcss-polar ized ccy~onen t  i s  15 dB ( o r  more) 
down from th? peak o f  the co-polarlxed component a t  angles betwe2n 0 degrees 
(brcadside! and - +20 degrees. 

The impedance ban&idth o f  t h l s  element should be increased t o  inc lude both 
the transmit and receive frequency bands. A dual-resonance technique, which 
has been used on planar m ic ros t r i p  radiators,  seems appl icable t o  the element 
described above. Furthermore, a complete array should be breadboarded t o  
demonstrate gain and scaz capabil i t ies f o r  LMSS appl icat ions.  
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Chapter 5 
The Technology 
5. THE TECHNOLOGY 
The purpose o f  t h i s  chapter i s  t o  amp1 i f y  the technology developr~ient. needed 
t o  support the c o ~ r e p t u a l  design presented i n  Chapter 3. The most imposing 
feature o f  MSAT i s  i t s  l arge UHF afitenna which a lso o f f ~ r s  the most techno1 og- 
i c a l  chal lenge. Accordinyly , t h i  s chapter addressed only those R&D a c t i v i t i e s  
cdnnected t o  RF, contro l ,  and s t ruc ture  o f  the UHF antenna. 
Section 5.1 considers the antenna RF a c t i v i t i e s  and b r i e f l y  describes two 
studies re la ted  t o  the  r e f l e c t o r  sui-face tc lerance and the m ic ros t r i p  feed 
technology. Section 5.2 reviews the software and hardware needed t o  implement 
the a t t i t u d e  cont ro l  conceptual design proposed i n  Chapter 3. Section 5.3 
discusses antenna s t ruc ture  development f o r  the r e f 1  ector  3nd the deployable 
support ing mast. Final l y ,  Section 5.4 addre;ses UHF feed 1 ocated e l  ectranics. 
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HSAT represents a signi f icant step forward i n  the technology requirements f o r  
a large, corplex UHF inul tibean antenna with the antenna feed probably being 
the most d i f f i c u l t  aspect of the design. The baseline approach given i n  
Chapter 3 i s  a heavy, canplex feed and bean forming netrrork and signi f icant 
test ing w i l l  be required t o  demonstrate i t s  feas ib i l i ty .  Since the feed 
rep-serrts the major technological challenge, a considerable amount o f  work 
i s  being done t o  thoroughly evaluate the microstrip radiator, ident i fy  the 
potential problem and propose possible solutions. I n  addition t o  the 
microstrip radiator, other feed candidates are being evaluated. Section 5.1.1 
describes further the work being done. 
Another inportant technology area t o  be examined when using such a physically 
large antenna f o r  a nu l t i p le  beam system i s  the effects o f  the surface 
tolerances on isolat ion performance and the potential need f o r  active surface 
correction. Some preliminary results are described i n  Section 5.1.2. 
The main complexity i n  the feed and BFN design comes from the necessity t o  
provide the required beam isc lat ion level with a single, o f fset  re f lector  
system. Also, due t o  the long focal length necessary t o  achieve the 
acceptable la tera l  scan characteristics, the feed i s  very large 
(approximately 6.9 by 11.4 m i n  the base1 ine design). A dual re f lector  
concept i s  being examined which offers the possidi 1 i t y  of  s igni f icant ly 
reducing the size of  the feed (factor of  5) and eliminating the need f o r  
overlapping cluster feeds. 
This i s  acconplished by synthesizing a design which uses a single small feed 
(one wavelength diameter) and ref lector  sQaping t o  achieve the low  sidelobes 
required for the beam isolat ion. This would greatly simp1 i f y  both the feed 
and the BFN. Some ear ly resu l ts  o f  t h i s  study are presented i n  Appendix B. 
The microstr ip antenna [Refs. 1, 21 current ly  being chosen, i s  the most 
promising candidate feed element f o r  the MSAT r e f l ec to r  pr imar i ly  due t o  
the fac t  that  i t  i s  thin, generally l ightweight, and thus easier t o  t e  stored 
i n t o  the Shuttle. 
Several other candidates are also being considered as al ternate feed designs. 
F i  r s t  , the cross-di pol e o r  pr inted microstr ip cross-dipole can generate 
c i r cu la r  polar izat ion wi th  wider bandwidth and possibly loner cross-pol. 
Higher d i r e c t i v i t y  can be acbieved by employing the cross-dipole i n  cav i ty  
backf i re mode. Two apparent drawbacks associated wi th  these e lewnts  
are that  the rad ia t ing element has t o  be raised approximately a quwter  
wavelength above the ground plane instead o f  the 0.05 wavelength current ly 
being designed f o r  the microstr ip patch, and tha t  more corrplex o r  heavier feed 
1 i nes have t o  be used- 
Second, the end-f ire c igar antenna i s  current ly being investigated a t  JPL 
as a candidate feed. It i s  fourid that, when i n  the array environment, the 
c igar has a large nutual coupling effect which reduces the element gain t o  an 
unacceptable level. 
The end-f ire t h i n  wire antennas, such as the yzgi array o r  the hel ix, are 
possible candidate: also. These elements may overcome the m t u a l  coupling 
d i f f i c u l t i e s  encountered i n  the c igar antenna and w i l l  be examined i n  the 
future. Since none o f  the above described elements have been used f o r  a 
mu1 t i p l e  beam frequency reuse spacecraft antenna design, s ign i f icant  tes t  
data i s  required t o  determine the problems that  may be encountered i n  each 
design. The follawing describes the work i n  progress a t  JPL, t o  examine, i n  
deta i l ,  the d i f f i c u l t i e s  that  may be encountered i n  using the microstr ip 
antenqa f o r  the MSAT application. 
The microstr ip antenna element can be constructed by ph-toetching, t o  form 
a t h i n  patch radiator  on top o f  a layer o f  d i e l ec t r i c  substrate backed by 
t h i n  conducting ground plane (see Fig. 5-1). I n  addit ion t o  the array elements, 
the feed transmission l ines, power d iv id ing c i r cu i t s ,  etc., can also be 
etched on the same supporting substrate without adding any noticeable weight. 
Many d i f fe ren t  shapes, such as c i rcular ,  rectangular, square, tr iangular, 
etc., have been used for  the rad ia t ing patches. For the MSAT application, 
the square i s  chosen because i t  can generate c i r cu la r  polar izat ion by dual 
feeds without sac r i f i c ing  the a1 ready 1 i m i  ted bandwidth. Square patches 
can be modeled mathematically by a simple technique so that analyt ical  
computation time w i  11 not increase substantial l y  when irlterfaced wi th the 
r e f  lec tor  analysis program. 
A simple m~thematical model [Ref. 3) i s  used i n  conjunction wi th the uniform 
Geometrical Theory o f  D i f f r ac t i on  (GTD) [Ref. 4) t o  calculate the rad ia t ion 
patterns. The GTD i s  employed t o  account f o r  the f i n i t e  ground plane edge 
d i f f rac t ions  so that  more accurate resul ts can be obtained. I n  addition, 
the technique o f  Modal Expansion [Ref. 5) i s  used t o  predict the resonant 
frequency. input impedance, bandwidth and rad ia t ion efficiency. Computer 
programs have been completed and experinentally validated f o r  these 
mathematical models. For example, Fig. 5-2 shows the comparisons o f  
theoret ical  predict ions and measurements f o r  both E-  and H-plane rad ia t ion 
patterns of a microstr ip antenna. Excellent agreement can be observed. A 
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Figure 5-1. M i c r o s t r i p  Antenna Conf igurat ion 
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Figure 5-2. E- and H-Plane Radiation Patterns of a Rectangular Micro- 
s t r i p  Antenna. Radiator Dimensions Are (See Fig.  5-2): 
A = 2.126 i n . ,  B = 1.488 i n . ,  e = 10.5 i n . ,  h = 14.0 i n . ,  
Substrate Thickness = 0.125 i n . ,  D i e l e c t r i c  Constant = 2.55, 
and Operating Frequency = 2.295 GHz 
conputer program has a lso  been conpleted f o r  a p lanar  m ic ros t r i p  array t h a t  
generates both the  co-pol and cross-pol rad ia t i on  patterns w i t h  e i t h e r  
c i r c u l a r  o r  l i n e a r  polar izat ion.  This array program i s  cur ren t ly  i n  the  
process o f  being val idated experimentally. Some ear ly  measurements have 
indicated tha t  the cross-pol component o f  a m ic ros t r i p  element can be 
reduced d r a s t i c a l l y  i n  an a;n, envirorlment ( t y p i c a l l y  from -20 dB t o  -32 dB 
f o r  l i n e a r  polar izat ion,  and t o  -28 dB f o r  the  c i r c u l a r  po la r i za t i on  i n  the 
main beam region). The reduct i on  of cross-pol by array ing can be explained by 
the  f a c t  t ha t  a square m ic ros t r i p  rad ia to r  has a phase d i s t r i b u t i o n  such tha t  
t he  cross-pol always engages a n u l l  i n  t he  broadside d i rect ion.  When t h i s  
n u l l  region i s  m u l t i p l i e d  by the  array f a c t o r  which has add i t iona l  n u l l s  not 
too  f a r  away from the  broadside d i rec t ion ,  the cross-pol l eve l  i s  then 
substant ia l  l y  reduced i n  the main beam region. This cross--pol reduct ion, if 
v e r i f i e d  experimentally, can help a great deal i n  the beam i s o l a t i o n  problem 
cur ren t ly  encountered by LMSS studies. 
A m ic ros t r i p  antenna, f o r  i t s  many advantages, does have i t s  inherent 
problems. These problems and t h e i r  possible solut ions are ciiscussed 
i n d i v i d u a l l y  as fol lows: 
1)  The impedance bandwidth i s  general ly narrow ( t y p i c a l l y  3 percent). 
However, i t  can be widened by increasing the thickness o f  the 
d i e l e c t r i c  substrate andlor by using a substrate mater ia l  w i t h  lower 
d i e l e c t r i c  constant. For MSAT, i t  i s  prooosed t o  use a honeyco~nb 
s t ruc ture  w i th  d i e l e c t r i c  constant o f  less than 1.2 and thickness o f  
approximately 1.78 cm i3.7 in.). This would provide the  required 
s t ruc ture  strength, the bandwidth (about 7 percent), and very small 
substrate loss because of the large percentage of voids i n  the 
honeycomb. 
2) Ax ia l  r a t i o  bandwidth o f  a s ing le  feed c i r cu la r l y -po la r i zed  
m ic ros t r i p  rad ia to r  i s  l i m i t e d  t o  less  than 2 percent regardless 
o f  t he  substrate thickness o r  d i e l e c t r i c  constant. The theory, 
however, has predic ted tha t  a dual-feed system can overcome such 
d i f f i c u l t y  because i t  i s  less sens i t i ve  t o  the  90-degree phase 
d i f f e r e n t i a l  required by the  c i r c u l a r  polar izat ion.  This p red ic t ion  
remains t o  be v e r i f i e d  experimentally. 
3) The cross-polar izat ion o f  a s i f ig le  m ic ros t r i p  antenna i s  knwn  
t o  be h igh ( t y p i c a l l y  -15 dB t o  -20 dB from co-pol peak). As mentioned 
previously, t h i s  high l eve l  o f  cross-pol can be reduced i n  an array 
environment provided t h a t  t he  rad ia to r  i s  i d e a l l y  fed, i.e., without 
any leakage and surface wave radiated from the  feed l ines. Some o f  
these leakages and surface waves, i f  generated, w i l l  con t r ibu te  t o  
t h e  cross-pol which most l i k e l y  cannot be reduced by array ing 
because the  phases might not produce a nu1 1 a t  the  broadside d i rect ion.  
The amount o f  cross-pol rad ia t i on  associated w i t h  the  transmission 
l i n e  leakage and surface wave, cur ren t ly ,  can only be determined 
experimental ly.  
4 )  The power handling capab i l i t y  o f  a m ic ros t r i p  tr,ansmission l i n e  
o r  antenna i s  general ly low. Since the antenna w i  11 be i n  the near 
vacuum, there w i l l  be a problem w i t h  voltage breakdown. The voltage 
breakdown i s  p r imar i l y  caused by t h z  phenomenon known as mul t ipac t ing  
[Ref. 6 1  which i s  generated by a r a p i d  bui ldup o f  la rge  e lec t ron  
density i n  the gap of two electrodes. This mul t ipac t ing  strength has 
been found t o  be d i r e c t l y  propor t ional  t o  t he  product o f  gap spacing and 
frequency o f  operation. Since the spacing between the  m ic ros t r i p  a ~ d  
i t s  ground plane i s  r e l a t i v e l y  l a rge  i n  order t o  meet the  banbridth 
requirement, t he  power harrdl i ng capacity i s  substant i a1 1y above 
the  cur ren t ly  intended power supply o f  less than 30 W f o r  each of 
t he  c lus te r  feed element. 
5) Mutual coupl i n g  usual ly  degrades array performances. However, 
i n  the case o f  t he  m ic ros t r i p  array, the mutual coupl i n g  e f fec ts  
have not proven t o  be a  major problem [Ref. 21. I n  t h e  case o f  MSAT, 
because o f  the  l a rge  spacing between adjacent patches, which i s  
required f o r  t he  feed and power d i v i d i n g  c i r c u i t s ,  the  m t u a l  coupl ing 
e f f e c t  i s  even less. 
6) With the f i x e d  aperture s ize  o f  21  by 2 1  given f o r  each c lus te r  
element, a  s ing le  m ic ros t r i p  patch, which has an aperture o f  less 
than 0.51 by 0.5A, cannot y i e l d  the required beamwidth and 
d i r e c t i v i t y .  However, i t  i s  found tha t  a  2  by 2 m ic ros t r i p  array, 
w i t h  proper element spacing fo r  1  ower grat  i ng 1  obe c m s i  derat ion, can 
meet the  requirements t o  properly i 1  lumi nate the r e f  1  ector. 
5. ! .2 Antenna Surface To1 erance Study 
Both systematic d i s t o r t  ions and random i r r e g u l a r i t i e s  i n  the r e f l e c t o r  
antenna surfaces can cause the antenna rad ia t i on  patterns t o  be markedly 
d i f f e r e n t  from those o f  pe r fec t l y  smooth re f1  ector  surfaces. How d i f f e r e n t  the 
pat terns are depends on many fac tors  such as the d i s t r i bu t i on ,  magnitude and 
shape o f  the  i r r e g u l a r i t i e s ,  r e f l e c t o r  I 1  lunl inat ion pattern, etc. I n  the past, 
t he  acceptable leve l  o f  the rms surface er rors  has been determined based on 
to le rab le  gain loss. Ruze's c lass i ca l  paper [Ref. 71 provided a  simple 
so lu t i on  f o r  determining the gain loss as a  funct ion o f  the surface rms error .  
Recently, app l ica t ion  o f  mu1 t i p l e  beam s a t e l l  i t e  r e f l e c t o r  antennas demands 
t h a t  an accurate estimate o f  t he  sidelobe leve ls  should a lso  be obtained i n  
terms o f  surface errot-s. These estimates are very important i n  order t o  
evaluate the  i s o l a t i o n  leve ls  between m u l t i p l e  beams f o r  a non in te r fe r i ng  
m u l t i p l e  beam communication system. I n  t h i s  subsection, a summary o f  
ana ly t i ca l  and numerical methods, which have been developed t o  analyze both 
t h e  systematic and random surface errors,  i s  presented w i t h  some 
representat ive resul ts .  Systematic errors come from both thermal and dynamic 
effects. Thermal e f fec ts  are r e l a t i v e l y  slowly-varying e f f e c t s  (quasi- 
s t a t i c )  and are due t o  the  d i f f e r e n t  angles o f  i l l u m i n a t i o n  o f  t he  sun 
on the  re f l ec to r  caused by d iu rna l  and seasoned motions o f  the  sate11 i te .  
Dynamic e f fec ts  can be rap id  var ia t ions  due t o  o s c i l l a t i o n s  caused by 
the  a t t i t u d e  contro l  system used t o  po in t  the antenna. Random errors, on 
t h e  other handt are introduced i n  the  manufacture o f  the antenna. The ove ra l l  
d i s t o r t i o n  e f fec ts  are due t o  the simultaneous sum o f  a l l  the  e r r o r  sources. 
Systemztic O i  s to r t i ons  
A mathematical model and an e f f i c i e n t  numerical schenie have been developed 
bzsed on the formulations reported i n  Ref. 8. This model allows the  e f f e c t s  o f  
systematic surface d i s to r t i ons  t o  be studied, such as therrnal d i s t o r t i o n s  on 
the  r e f l e c t o r ' s  rad ia t i on  pattern. The model uses the physical opt ics 
f o m l a t i o n  i n  conjunct ion w i th  the Jacobi-Bessel ser ies f o r  the e f f i c i e n t  
evaluat ion o f  the vector rad ia t i on  i n teg ra l  fo r  t he  induced current  on the 
r e f l e c t o r  surface. The r e f l e c t o r  surface i s  described as the sum o f  the 
undi s to r ted  surface ( f o r  example, paraboloid) and the d i s t o r t e d  surface. 
I n  many p rac t i ca l  s i tuat ions,  the d i s to r ted  surface cannot be described i n  a 
closed funct ional  form. Rather, the  surface may only be described a t  some 
d iscre te  points. For example, a f i n i t e  element model may be employed which 
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only gives the l oca t i on  o f  a  d i s to r ted  surface a t  c e r t a i n  d isc re te  points. 
I n  order t o  study t h e  rad ia t i on  charac ter is t i cs  o f  these ref lectors,  the  
d i f f r a c t i o n  i n teg ra l  must be evaluated accurately and e f f i c i e n t l y .  This 
necessitates the  accurate know1 edge o f  i n-between points  2nd t h e i r  normals, 
as the  i n teg ra t i on  process proceeds. This can be achieved by using an 
i nterpo la t ion  technique. 
Surface In te rpo la t  ions 
I n  general, there are two types of i n te rpo la t i on  schemes which may be 
re fe r red  t 3  as l oca l  o r  global. I n  the  l oca l  in te rpo la t ion ,  sp l i ne  func t ion  
patches are employed t o  i n te rpo la te  between adjacent points  w i t h  the  requirement 
t h a t  both the  func t ion  and a prescribed order de r i va t i ve  be continuous between 
adjacent patches. I n  t he  global scheme, the  surface i s  t y p i c a l  l y  described i n  
terms o f  a  2-dimensiontil polynomial w i th  unknown coe f f i c i en ts  and then the  co- 
e f f i c i e n t s  are determined using a  l eas t  squares e r r o r  algori thm o r  some 
other method. Both methods have t h e i r  advantages and disadvantages. A new 
global i n te rpo la t i on  scheme has been developed which not only i s  compatible 
w i t h  the  loca l  in te rpo la t ion ,  but  i s  a lso very e f f i c i e n t  and accurate. The 
scheme uses orthogonal expansions i n  terms o f  the  Fourier-Jacobi series, 
which i s  f unc t i ona l l y  very a t t r a c t i v e  f o r  i nterpolazing most antenna surfaces 
o f  p rac t i ca l  in te res t .  I n  t h i s  scheme, the  unknown coe f f i c i en ts  can be 
obtained by evaluzt ing in tegra ls  f o r  the expansion coef f i c ien ts .  It has been 
found tha t  f o r  a  la rge  class of r e f l e c t o r  geometries only a  few coe f f  :c ien ts  
are needed t o  represent the  surface and i t s  normals. Once the coef f i c ien ts  are 
determined, they can be used very simply and e f f i c i e n t l y  f o r  repeated 
evaluations o f  the  d i f f r a c t i o n  in tegra l ,  and f o r  convenient and simple storage 
o f  the r e f l e c t o r  shapes inc luding the d is to r t ion .  A general computer program 
has been developed f o r  the  app l ica t ion  o f  t h i s  method. Some add i t iona l  work 
w i l l  be needed t o  i n teg ra te  t h i s  scheme wi th  the  l oca l  sp l i ne  i n te rpo la t i on  
method i n  order t o  have an e f f i c i e n t  and complete package f o r  i n te rpo la t i ng  
any r e f 1  ec tor  surface shape. 
Numerical Results 
A few representat ive numerical r e s u l t s  are presented here t o  demonstrate the  
e f fec ts  o f  the systematic d i  s to r t i ons  on the  r e f l e c t o r  pattern. These r e s u l t s  
a lso exhi b i t  the versa t i  1  i t y  o f  the computer programs. Systematic d i s t o r t i o n s  
which correspond t o  thermal-type d i s to r t i ons  are considered. Based on the  
r e s u l t s  rrom ava i lab le  f i n i t e  element studies o f  the  thermal ly  d i s t o r t e d  
r e f l e c t o r  sllrfdces, i t  has been found tha t  t h i s  type o f  d i s t o r t i o n  i s  function- 
a l l y  harmonic i n  the  angular d i r e c t i o n  and o f  a  polynomial type i n  the  r a d i a l  
d i rect ion.  Two examples w i th  essent ia l l y  t he  same funct ional  d i s t r i b u t i o n  but 
d i f f e r e n t  amplitudes are considered. For these cases, t he  r e s u l t s  are shown 
i n  Figs. 5-3 and 5-4. It i s  observed i n  Fig. 5-3 t h a t  the  e f fec ts  are very 
minimal, whereas i n  Fig. 5-4, t he  e f fec ts  are q u i t e  substant ial .  This, o f  
course, ind icates t h a t  the  magnitude o f  the  d i s to r t i ons  determine the e f fec ts  
on RF performance. H~wever, i t  shows t h a t  i f  the  d i s t o r t i o n s  are kept small 
enough, the  e f fec t  on RF performance w i l l  be minimal. 
Random I r r e g u l a r i t i e s  
The r e f l e c t o r  pat tern d i s to r t i ons  can be approximately determined by studying 
t h e  ef fect  of i t s  aperture phase errors. For random phase error ,  a  s t a t i s -  
t i c a l  model was o r i g i n a l l y  suggested by Ruze. His model was l a t e r  advanced 
by Vu [Ref. 91, who allowed var iabie co r re la t i on  i n t e r v a l s  and standard 
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deviation factors. Hwever, Vu's nndel also has sonic! l imi tat ions,  as it i s  
only y p l i c a b l e  f o r  the uniform anplitude taper. Ue have generalized Ruze's 
and Vu's m d c l  t o  study the e f fec ts  o f  the random phase errors for  most 
general cases. Both 1 - dnd 2-dimensional aperture d e l r  have been 
considered and the f a r - f i e l d  stat is t ical  average patterns have been 
crinstmcted f o r  the nond is to r td  a d  s t a t i s - i c a l i y  d is tor ted phase errors. 
Nany regresentative resa l t r  have been obtained based on d i f fe ren t  cor re la t ion 
intervals, variable staadard deviat ion factors and edge tapers. Here, only a 
few resul ts w i l l  be shauii. 
Them b an approximte re lat ionship between the aperture phase standard 
deviat ion factrrr u and the surface rms d is to r t ion  A/X, i-e., 
The above f o m l a  i s  more accurate f o r  re f lec to rs  wi th large F/D rat ios. 
A general cmputer program has been developed which uses a as an input and 
determines i t s  e f fec t  on the farw-field patterns. For instznce, Fig. 5-5 shows 
the e f fec t  o f  A/A (or a) on the fa r - f i e ld  pat tern f o r  the cor re la t ion 
interva? 3f X.20. As i s  c lear ly  seen, for  larger observation angles, the 
e f fec t   if the surface m becomes more pronounced and sidelobe levels degrade 
rsl;idly. The degradation c f  the sidelobe levels can e;tsi l y  deter iorate 
the perf-fcmnce c.f a m l t i p l e  beam s y s t s  as f a r  35 the C / 1  character ist ics 
are concerned. Results o f  Fig. 5-5 suggest that  a surface m value o f  A/64 
i s  needed i n  order t o  keep the t h i r d  sidelobe level  w i th in  2 dB on the 
leve l  o f  the un i is tor tz4 surface. 
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Although the above model provides a good approximation f a r  the cok3lar 
conponent, i t  does not give mch ififormation f o r  the cross-polar conponent 
of  the fw-f ie ld.  This i s  due t o  the scaler nature o f  the model. Currzntly, 
attempts are being made t o  generalize the model t o  a vecior form and d i rect ly  
introduce the random errors on the ref lector  surface. This new model should 
allow the effect o f  random errors t o  be studied, from both the amp1 itude and 
phase aberrations on the ref lector 's far - f ie ld  patterns. 
5.2 SATELLITE CONTROL TECHNOLOGY 
A concise descript ion o f  the MSAT a t t i t ude  control  subsystems was presented i n  
Section 3.13. A more detai led descript ion and assessment of i t s  components 
and other key technologies i s  given i n  t h i s  section. 
Although the controi hardware inventory used on subsymhronous and synchronous 
sate1 1 i t e s  i s  extensive, the unique requi r e n t s  and character ist ics o f  HSAT 
dr ive the techno1 oqy i n  many cases beyond current  avai l  able performance. 
S ign i f icant  f l e x i b i l i t y  o f  the structure combined w i th  precis ion point ing and 
a 10-year operational 1 i fetime, place unusual demands on the WSAT control  
system capabil i ties. 
tmplementation o f  the a t t i t ude  control subsystem (ACS) f o r  MSAT requires a 
number o f  new design and hardware developments. New ACS designs are required 
for: 1)  mde l  order reduction techniques, 2) mde l  e r ro r  estirnation/conpensa- 
t i o n  techniques, and 3)  r e f l ec to r  motion compensation control and boom 
s tab i l  i za t ion  methods. Model order reduction techniques are requi red because 
the spacecraft has a large number o f  v ibra t ion modes which must be truncated 
f o r  the control design. Truncation and parameter errors associated wi th  
the spacecraft must be accounted f o r  by appropriate e r ro r  estitnation/cmpensa- 
t i o n  techniques, o r  performance degradation w i l l  r esu l t  as evidenced by recent 
Earth-orbi ti ng and p l  anetary spacecraft experiences. New methods must he 
investigated and developed t o  control feed/refl ector  re1 a t i  ve d i  spl acements 
caused 3y boom distor t ions,  and re f l ec to r  v ibrat ions and rotat ions must be 
canpensated i n  the ACS design. Distr ibuted sensing on the re f l ec to r  w i l l  be 
required due t o  ':he associated model er ror  problems o f  the spacecraft. 
New o r  extended ACS hardware developments are required f o r  the opt ical  shape/ 
v ibra t ion sensor t o  implement the re f l ec to r  motion compensation control  and 
boom stab i l  i za t ion  concepts and i n  long-1 i f e ,  h igh performance hardware. These 
hardware items include the f i be r  opt ics ro ta t ion  sensor (FORS), CCD-based s tar  
trackers, and magnetf c o r  bal  l-bearing reaction wheels. The base1 ine harckare 
selected f o r  implementation o f  the MSAT ACS was l i s t e d  e a r l i e r  as Table 3-15 
along wi th ather re la ted character ist ics and i s  repeated here fo r  convenience 
i n  Table 5-3. I n  the fol lowing paragraphs, b r i e f  discussions o f  the control  
softwcre and hardware elements are given. The discussions are presented i n  
three pr incipal  t e c h n ~ l  ogy sections ti tl ed control laws and ACS processor, 
control  sensors, and control actuators- 
5.2.1 Control Laws and ACS Processor 
A. Control Lam 
Due t o  the varied control functions required i n  each mission phase, the control 
laws as implemented i n  the ACS processor w i l l  be d i f f e ren t  from one mission 
phase t o  the othec.* 3uring Phase I, a l l  control functions are performed by 
the Upper Stage Yehicl e (USV). Control laws f o r  Phase I I w i l l  be 1 oaded i n t o  
the ACS processor before Shutt le launch. Pr io r  t o  separation from the USV, 
i n e r t i a l  reference signals are handed o f f  from the USV to  the MSAT control 
system. Thereafter, the ACS processor i s  the prime cont ro l le r  f o r  HSAT. I t s  
functiorl i s  t o  generate control cmands  based on processing sensor signal s 
monitored from the system according t o  control laws implemented f o r  Phases 11, 
111, and I V .  
* See Section 3.13 f o r  the def in i t ion o f  the various phases o f  the mission. 
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Table 5-1. MSAT ACS Equipment L i s t  
I 
EOUIC#NT. NUMBER 
FINE POINT I l l 6  8 
WHEELS 
U X l S  F18ER OPTICS 1 
UERTUL REFEREKE 
UlIT 
24x0 CED 2 
STAR TRAUER 
Z-AXIS 2 
EAR1 H SEISOR 
Z-AXIS Z 
Uil SENSOR 
OPTICAL SnUE A I D  1 
VIBRATION SENSOR 
- 
OIGITAL CWUTER (tl 2 
- 
1 DOF S L A R  ARRAY 1 
ACfUATOR 
OSTURMNCE WNAGEmNT 
WHEELS-WRAP RIB (3i 
X-AXIS (8W N Y S )  
Y-AXIS (463 ICYS) 
ZAXS ( 1 0  N4.S) 
ACS PROPELLANT 
AT t Z  1 
AT -2 1 
COYIENft  
1 WHEEL PER AXIS NUS ONE 
SEWED SPARE AT EACH OF 
2 LOCATIOIZ. 2( lCYS PER 
W E E L  YAZS, M I L R  AN0 
SIZE DUE0  ON CURRENT 
M L L  BEARING WHEEL 
TECHNOLOGY 
FIBER W T I U  ROTATION 
SENSOR (FORE). SINGLE- 
AXIS LONG-LIFE GYRO 
m E s m T L v  IN UIEAO 
W)ARO STATUS 
F a  F FIXED HEAD STAR 
TRACKER; 5 SEC ACCURACY. 
PREsNTLV IN ENGINEER- 
IN6 MODEL STAT US (NO 
ADVANCEOOEVELOCTENT 
FUUOEO). EXTRA UNIT IS 
FOR BACK-UP 
QUANTIC MOOEL 5111: 
DESIGNED FOR MCS 111; 
ACCURACY AT &UP fki): 
EARTH ACQUtSITlON 
ATTITUDE RANGE 217' 
ANALOG. lw SOLID ANGLE 
CHARACTERISTICS BASE0 
ON SENSOR C O N C E ~  FOR 
STATIAL HIGH ACCURACY 
MSITIOI  EIC001N6 
SENSOR (SHAPES) 
YOUNTEO AT BUS, OPTICAL- 
LY STARES AT oisn 
EACH UNIT COKSSTS OF 2 
ATAC-IQ PROCESSORS. 2 
RAMS. z lms AND 2 OWAS 
EXTRA UNlT 6 FUR BACK-W 
AN0 IS POWERED ALL T#E 
STEWING NOTOR AN0 GEAR 
TRAIN 
UNIT MASS, POWER AN0 SIZE 
ESTIMATE0 W E D  ON 
AVAILABLE BALL BEARING 
WHEEL HAROWARE 
MOIOPROIELLANT HVORA- 
ZINE WITH SECIFIC IMPULSE 
OF 1mSEC. IN PULSE W O E  
~ S E C .  FOR STEADY  STAT^. 
MASS INCLUDES ACS 
PROPELLANT REQUIREMENTS 
FOR COMBATING GRAVITY 
GRAOIEIT AN0 OYNAMIC 
BALANCING TORQUES, BUT 
EXCLUDES PLUIYBlN6, 
THRUSTER HAROWARE 6 
ALL STATION KEEPIIG 
PROPELLANT 
UNIT 
# A S  
KG (LO) 
lB(21) 
11(2aZ) 
&5(122l 
ZH(S.6) 
& S t  (11 
a [ @ )  
25(%1 
St111 
37.1 (82) 
323 ( l a  
116 (41) 
)15 (lS.8) 
=5(l¶R8; 
OWENSON 
PER UNIT 
CN (111) 
15 x 35 D I U .  
I 6  x 14 D l U J  
ZIx2SxZS 
(IS x 9.9 x 9.9) 
1 3 x 1 8 ~ 3 2  
(5 x 7 x 1U 
14 x 1225 x 11 
(5.7 x 5.1 x 4-51 
151 1 5 x U  
(6s  6 x 1 5 )  
Z S . ~ ~ X C  a x 2  
(10 x 14 x 3.1 
16.8% ZLSx229 
(LC x 11.6 x ¶I 
27 x 11.B OIAM. 
( l a 6  x 4.3 DIAY) 
TBD 
TBO 
UNlT 
AVGf iAK 
POWER 
WATTS 
Vn 
Z(R( 
l U l 8  
1U22 
111 
1 ~ 1 1 ~  
U19 
5 / 1 1  
5/1W 
Vn 
NIA 
DESIGN 
HERITAGE 
ST0 BALL 
EARWIG OR 
NAGNETIC 
tCARING 
DESGNS 
OAST 
SINGLEAXIS 
FORS SENSOR 
OAST 
PROTOTYPE 
STELLAR 
TRACKER 
LANDSAT 
AN0 
QUAITIC 
NOD. IV R 
AT- 
MEW 
GALILEO 
T I 0  
ST0 BALL 
BEARING OR 
MAGNET lC 
BEARING 
DESIGNS 
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During Phase 11, the ACS i s  required t o  provide stable, coarse, but  robust 
control f o r  reducing separation rates, acqui s i  t i o n  o f  references, and 
deployment. Control laws designed f o r  t h i s  mission phase must ensure overal l  
system s t a b i l i t y  i n  the presence o f  s ign i f i can t  system uncertaint ies as the 
system undergoes separation, acqui s i  t ion, and depl oyment mission sequences. 
Control during Phase I 1  i s  achieved pr imar i ly  w i th  thrusters. Robust control 
laws on ON-OFF thruster  operations can be designed i f  vehicle angular ra te  and 
thruster  manent a m  lengths (time varying parameters during deployment) are 
a1 1 avai lable t o  the ACS processor. 
I n  Phase 111, major tasks include system checkout, updating, and performance 
testing. A unique feature tha t  the MSAT ACS processor must have, i s  the 
sys tm  i den t i f i ca t i on  capabil i ty. This implies tha t  actual system dynamics 
w i l l  be ident i f ied.  Due t o  the inev i tab le  l im i t a t i ons  o f  ground tes t ing 
such a large structure, i n -o rb i t  system i den t i f i ca t i on  w i l l  be used t o  update 
model parameters (e.g., inode shapes and mode frequencies) t o  re f1  ect  accurate 
MSAT dynamics i n  the space environment. To p e r f o n  system i den t i f i ca t i on  f o r  
MSAT, system input  (e.g., torques and forces) and output ( rotat ions and 
displacements) data are col lected and provided t o  an i den t i f i ca t i on  a1 gor i  thn 
which, a f t e r  processing these data, produces updates o f  model parameters. 
I n  general, higher control performance requires a more accurate system dynamic 
model. I n  part icular ,  the best characterizat ion o f  large space structures such 
as MSAT can only be obtained by system i den t i f i ca t i on  when the structure i s  
f u l l y  deployed i n  space. 
I t  i s  noted t h a t  i n  add i t ion  t o  the requirement o f  developing i d e n t i f i c a t i o n  
algorithms, i t  i s  a lso important t o  develop algori thms f o r  p lac ing sensors and 
actuators on MSAT t o  achieve system i d e n t i f i c a t i o n  e f fec t ive ly .  System check- 
out, updating, and i d e n t i f i c a t i o n  w i l l  cont inue f o r  an an t ic ipa ted  per iod  of 
about 90 days, u n t i l  MSAT has been thoroughly cat ib ra ted  and i t s  performance 
has been updated t o  meet mission requirements. 
Control  laws required f o r  the 10-year operat ional phase consis t  o f  a number o f  
coordinated est imat ion and cont ro l  a1 go r i  thms. A1 1 est imation and cont ro l  
must be ca r r i ed  out on- l ine i n  real  time. This impl ies t h a t  the ACS processor 
must be able t o  process data from a1 1 sensors and actuators w i t h  s u f f i c i e n t  
speed t o  estimate system states accurately and generate contro l  command 
appropriately.  
For the primary a t t i t u d e  cont ro l  o f  the bus, the cont ro l  law design w i l l  be 
s i m i l a r  t o  cur ren t  a t t i t u d e  con t ro l l e rs  f o r  r i g i d  spacecraft using gyros 
f o r  a t t i t u d e  sensing and react ion wheel s  f o r  contro l .  Gyro d r i f t  w i  11 be 
compensated by using in format ion derived from the a t t i t u d e  determination 
loop using s t a r  t racker  information and ephemeris data. 
For r e f l  ector  motion compensation contro l  and boom s t a b i l  i zat ion w i th  respect 
t o  the bus, an est imat ion a1 gor i  thm based on the op t ica l  sbape/vibration sensor 
measurements must be developed t o  provide estimates on system states which 
y i e l  d  in format ion about r e f l  ec tor  v ibrat ion,  boom d i s to r t i on ,  and r e f l  ector- 
bus r e l a t i v e  ro ta t i ons  and displacements. This est imation problem can be 
fonnul ated and solved by the ACS processor sequential l y ,  i f the re1 a t i o n  
between op t i ca l  sensor outputs and system states can be detennined. Based 
on estimated s ta te  information, cont ro l  laws f o r  the bus and the r e f l e c t o r  
located actuators can be designed t o  meet cont ro l  requirements. 
Control a1 g o r i  t h s  designed f o r  so la r  array po in t i ng  dre  re1 a t i v e l y  simple. 
The one degree-of-freedom a r t i c u l a t i o n  o f  the so la r  array i s  achieved w i t h  
a so la r  array torquer which i s  conma?ded by the ACS processor such t h a t  the 
Sun sensor on the so la r  array i s  po in t ing  t o  the Sun w i t h i n  the requi red 
accuracy. 
Major system disturbances are  managed by 1 arge reac t ion  wheels. These wheel s  
have been s i  zed for  t o t a l  l y  absorbing cyc l  i c  sol a r  pressure torques w i  thout 
the need f o r  momentum unloading. The cont ro l  laws f o r  combating so la r  
pressure torques w i l l  thus be straightfornard. However, one o f  these wheels 
i s  a1 so used fo r  absorbing constant g r a v i t y  gradient  and dynamic balancing 
torques and requi res momentum dunpi ng ( i .e., reduce accunul ated whell angul a r  
vel oc i  t y )  every s i x  hours. Upon receiv ing a signal i nd i ca t i ng  near sa tura t ion  
o f  the wheel, the ACS processor generates commands t o  a spec i f i c  p a i r  of 
thrusters, one a t  the bus and one a t  the r e f l e c t o r  hub, t o  produce a pure 
couple torque on the MSAT and thus remove momentum from the wheel. The cont ro l  
a1 go r i  thm f o r  accompl i shi ng momentum dumping i s  re1 a t i v e l y  simp1 e. 
Upon ground command, the ACS processor w i l l  a lso generate stat ionkeeping 
commands d i rec t i ng  proper th rus ter  f i r i n g s  t o  achieve desired A V  without 
causing veh ic le  rotat ions. That i s ,  the ne t  t h r u s t  vector passes through the 
MSAT center o f  mass. During stat ionkeepi ng maneuvers, however, the ACS 
processor must cont ro l  veh ic le  a t t i t u d e  so t h a t  MSAT continues i t s  normal 
operat ion wi thout  service in te r rup t ion .  
This completes the discussion o f  cont ro l  laws required f o r  mission Phases 11, 
111, and I V .  These cont ro l  laws ( inc lud ing  a l l  est imation and contro l  
algori thms) w i l l  be implemented w i t h  an ACS processor. The requirements o f  
the processor are discussed next. 
B. ACS Processor Requi r e n t s  
A pre l  iminsry s i z ing  and speed est imation of the MSAT ACS prvcessor has been 
undertaken. This study estimates requ i reme~ts  f o r  d t yp i ca l  computer imple- 
mentation o f  cont ro l  laws described i n  the preceding section. Control laws 
proposed f o r  MSAT as discussed cons is t  o f  est imat ion algorithms and cont ro l  
algorithms. For estimation, i t  i s  assumed t h a t  a t o t a l  o f  20 s ta tes  must be 
estimated a t  every 50 ms, r e s u l t i n g  i n  a speed requirement o f  100,000 ins t ruc-  
t i o n s / ~ .  Assuming an update o f  every 50 ms as requi red i n  the estimation, 
cont ro l  algorithms f o r  actuat ions a t  the bus and a t  the h9b requ i re  10,000 
instr t , i t ions/s. For system iden t i f i ca t i on ,  i t  i s  assumed t h a t  the op t i ca l  
shapelvibrat ion sensor w i l l  take 100 measurements a t  var ious locat ions on the 
r e f l e c t o r  i n  50 ms. But, the  system i d e n t i f i c a t i o n  process i s  performed o f f -  
l i n e  i n  10 s. This w i l l  r e s u l t  i n  only 22,000 i ns t ruc t i ons /s  requirement f a r  
the overa l l  func t ion  o f  s-ystem i d e n t i f i c a t i o n .  Other areas requi r i c ~  ACS 
processor support inc lude input/output funct ions o f  sensors and actuators, 
fau l  t pro tec t ion  software and hardware conf igurat ion,  etc.  The t o t a l  requi re- 
ment f o r  a l l  processing has beerl estimated a t  220,000 inst ruct ions/s.  Assuming 
a 20 percent overhead f o r  higher- level language imp1 emcntation, p lus a 10 per- 
cent overhead f o r  the higher- level language i t s e l f ,  r e s u l t s  i n  an est imate o f  
286,030 i ns t ruc t ions /s  c a p a b i l i t y  required f o r  the MSAT ACS processor. Since 
one space q u a l i f i e d  ATAC-16s processor has an average speed o f  190,000 i n s t ~ u c -  
t ions ls ,  two such processors are needed t o  provide the required c a p a b i l i t y  o f  
286,000 i nstruct ions/s. Two addi t ional  ATAC-16s processors have been i n c l  uded 
i n  the hardware l i s t  f o r  redundancy and backup. 
C. Requi red Techno1 ogy Devel opments 
Control  law designs described i n  the previous sect ions are based on extrap- 
o l a t i o n  o f  the cur ren t  s tate-of - the-ar t  i n  cont ro l  analys is  and the l a t e s t  
advances i n  Large Space Systems (LSS) cont ro l  techno1 ogy. New design, 
analysis, and system i d e n t i  f i ca t i on  techniques must be developed t o  demonstrate 
f e a s i b i l i t y  and l eve l  o f  cont ro l  performance. More work i s  required i n  a 
number o f  c r i t i c a l  areas w i th  the most important areas discussed i n  the 
f o l  1 owing paragraphs. 
C1. Model i ng o f  HSAT 
I n  general, cont ro l  perfo~mance i s  s i g n i f i c a n t l y  dependent on the cont ro l  l e r '  s 
a b i l i t y  t o  p red i c t  the dynamics of the system being contro l led.  Therefore, the 
more s t r i nqen t  the cont ro l  performance requi rements, the more accurate the 
required system dynamic model. For la rge  f l e x i b l e  space st ructures such as 
MSAT, i t  i s  extremely d i f f i c u l  t t o  model system d,ynamics accurately. D i f f i -  
cu l  t i e s  ar ise  from a number o f  reasons as described be1 ow. 
F i r s t ,  systems 1 i ke  MSAT are characterized by d i s t r i b u t e d  energy and hence 
should be represented mathematical !y by cont I nuum model s ( i  .e., p a r t i  a1 
d i f f e r e n t i a l  equations). For p rac t ica l  reasons, howmer, system dynamics are 
usual ly  approximated w i t h  model s o f  ordinary d i f f e r e n t i a l  equations. This i s  
o f ten  re fer red  t o  as lumped parameter models. However, if MSAT i s  represented 
by lumped pa rme te r  models, such as f i n i t e  element models, the dimension o f  the 
model would be very h igh and i t  i s  easy t o  lose numerical accuracy i n  deal ing 
w i t h  high dimensional model s. 
Secondly, MSAT i s  a l so  character ized by i t s  imbalanced conf igura t ion  o r  lack 
of symmetry. I n  addit ion, ,ton1 i nea r i  t i e s  and dynamic coup1 i n g  are s i g n i f i c a n t  
i n  the model. A1 1 these fac tors  pose a rea l  chal 1 enge t o  model MSAT dynamics 
accurately. 
Thi rd ly ,  there e x i s t s  no p r i o r  experience on l a rge  f l e x i b l e  s t ructures i n  
space. inherent damping o f  s t ructures i n  space i s  s t i l l  a model parameter 
problem carry ing great uncer ta int ies.  The best model which can be obtained 
by ground t e s t  and s imulat ion may become too inaccurate due t o  the e f f e c t s  o f  
environment (zero-g) and deplet ion of consumabl es i n  service. 
A t  the same time, cont ro l  requirements f o r  MSAT are very s t r ingent .  Antenna 
po in t i ng  t o  b e t t e r  than - +0.03 degrees and s t a b i l i t y  o f  - +0.03 degrees, together 
w i t h  antenna surface accuracy o f  3 mm are s i g n i f i c a n t  c h a l l  enges f o r  s a t e l l  i tes  
as l a rge  and f l e x i b l e  as MSAT. D i  f f i c u l  t i e s  i n  modeling MSAT accurately must 
be reduced i n  order t o  meet these s t r ingent  cont ro l  performances requi red o f  
MSAT. 
C2. Model Order Reduction 
Assuming very accurate dynamic models can be developed f o r  cont ro l  design 
purposes, the  ACS processor w i l l  no t  be able t.o use these models due t o  
p rac t i ca l  l i m i t a t i o n s  o f  processor size and speed. The reason tha t  accurate 
models f o r  MSAT are character ized by high dimensions i s  r e f l e c t e d  i n  discus- 
sions i n  the prcceding section. Therefore, f o r  cont ro l  designs and subsequent 
implementation w i th  the ACS processor, a truncated model o f  MSAT i s  required. 
However, se lec t ion  o f  the best truncated model i s  no t  a t r i v i a l  matter, because 
despite t runcat ion  errors,  i t  must s t i l l  a1 low cont ro l  designs t o  meet requi red 
performance and t? achieve cont ro l  objectives. Systematic techniques f o r  model 
order reduct ion must be developed t o  g rea t l y  reduce design i t e r a t i o n s  and t o  
enhance confidence i n  achievabl e contro l  performance. 
C3. Robust Control Laws 
From the discussion on model i ng and model order reduc ti OR, i t i s  reasonable t o  
s ta te  t h a t  models ava i lab le  f ~ r  cont rc l  law designs w i l l  inc lude parameter and 
t runcat ion  errors. It i s  recognized t h a t  cont ro l  performance w i l l  degrade i n  
the presence o f  these model errors, and more seriously,  the overa l l  system may 
be destabi l  i zed  by these errors. It i s  therefore essent ial  t o  develop robust 
contro l  algori thms t h a t  can guarantee system s t a b i l i t y  and minimize cont ro l  
performance degradation i n  the presence o f  model e r ro rs  f o r  the e n t i r e  mission 
operation. 
C4. Ref1 ector/Boom Motion Compensation and Control 
k t  present, there ex i s t s  no cont ro l  design s im i l a r  t o  the reflector/boom motion 
compensation and contro l  concept proposed f o r  MSAT. The concept i s cu r ren t l y  
under study a t  JPL under NASA's Large Space Systems Technology (LSST) cont ro l  
techno1 ogy devel opment program. The est imator requi red by MSAT i s responsi b l  e 
f o r  est imat ing system states which i n  t u r n  y i e l d  in format ion on r e f l e c t o r  
v ibrat ion,  boom d i s to r t i on ,  and feed/ref l  ec tor  re1 a t i v e  motion. The cont ro l  1 e r  
i s  responsible f o r  contro l1 i n g  r e f l e c t o r  point ing,  r e f l e c t o r  surface accuracy, 
and MSAT a t t i t ude .  A l o t  o f  work i s  s t i l l  required, f o r  example, t o  determine 
the number o f  points  sensed, locat ions o f  sensing, and est imation and cont ro l .  
Sensor/actuator dynamics, nonl i nea r i  t i e s ,  ACS processor quant izat ion e r ro rs  and 
MSAT model e r ro rs  must a l l  be considered and evaluated t o  demonstrate the feas i -  
b f l  i t y  c f  t h i s  concept. 
5.2.2 Contro l  Sensors 
4. Fiber-Opt ics Iner t ia l -Re fe rence  U n i t  
Th is  assembly w i l l  cons is t  o f  t h ree  F ibe r  Opt i cs  Rota t ion  Sensors (FORS) 
mounted i n  orthogonal con f i gu ra t i on  i n  t he  bus. The operat ion o f  the  sensor 
depends on t he  f a c t  t h a t  two electromagnet ic waves counter-propagating about a 
closed o p t i c a l  path w i l l  experience d i f f e r e n t  t r d v e l  t imes i f  the  sensor i s  
r o t a t i n 5  r e l a t i v e  t o  i n e r t i a l  space. If the  two waves have the same wavelength 
X and are t r a v e l i n g  w i t h  i d e n t i c a l  po la r i za t i ons  through a s i n g l e  mode wave- 
guide f i b e r  o f  leng th  L, wrapped on a c i r c u l a r  c o i l  having per imeter  P, then 
t he  observed phase s h i f t  due t o  a m t a t i o i i  component o about t he  ax i s  o f  t h e  
c o i l  i s  
where c i s  t h e  vacuuv v e l o c i t y  o f  1 igh t .  
F igure  5-6 i s  a b lock diagram o f  the  FORS system. i h e  e m i t t i n g  source i s  a 
ingle-mode semiconductor diode laser.  Three o f  t he  ac t i ve  elements, t h e  
~ p t  i c a l  s r i  tch, beam spl  i , i t e r ,  and mndul a tor ,  a re  i d e n t i c a l  vo l  tage-responsi ve 
waveguide couplers. The b ias  element i s  s i r ~ ~ i l  a r  bu t  does not  r !quire t he  
second waveguide. Assuming an even d i v i s i o n  r a t i o  a t  the  second d i v i de r ,  a 
f i x e d  7r/2 phase b ias  r e s u l t s  i n  s igna ls  i n  t he  two d i r e c t i o n r  SA and SB o f  
SA = So ( I - S i n  er), and 
sB = so l  (1 + S in  e,), 
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Figure 5-6. FORS 3lock Diagranl 
where So and S;, dre f u ~ ~ t i o n s  o f  the laser  power, the transmission o f  the 
c r n  opt ica l  waveguide paths, the detector responsivi t ies, and the wpl i f i e r  
gains. I f  So can be rsa& equal t o  Sb, then a signal which i s  independent o f  
these factors ray be o b t a i ~ e d  by 
'B - 'A (5 -5  
= Sin 8,  
'B + =!I 
This equation when O i n e d  w i th  Eq. (5-2) y ie lds  w tne conponent o f  ro ta t ion  
*bout the axis o f  the co i l .  Signal m & ~ l  a t ion  through reversal o f  the co i  1 
ccnnections provides a mans f o r  ca lcu la t iona l ly  equal izing So and S',, as we1 1 
as compensating, t o  the f i r s t  order, f o r  errors i n  set t ing the phase bias t o  
a value o f  2 / 2 .  Socae f om  o f  bias self-corpensation i s  necessary f o r  t h i s  
approach since a bias e r ro r  1s otherwise indist ingcishable f r n  a ro ta t ion  
ra te  and the bias accuracy requirements woul4 be proh ib i t ive ly  revere. S i m i -  
l a r l y ,  o f f se t  errors i n  the detector chain are large ly  removed through the 
dmodul a t ion  ( siqnal d i  fferencing) process. 
The FORS sensor i s  crtrrently tinder development. The projected ~erformance i s  
a d r i f t  ra te  o f  0.01 degrees per hour, w i th  the advantages o f  l ong- l i f e  and 
freedan from n u l l  hysteresis and bias effects. It w i l l  operate w i th  i t s  own 
microprocessor and provide output usabie by the a t t i  tude control system w i  thout 
fur ther  processing. Projected weight, size, and power are 11 kg, 15,000 cm3, 
anti 20 U s  respectively, f o r  a 3-axis system without redundancy. It w i l l  be 
necessary t o  hold the temperature i n  the 0°-2S0 C range wi th  3 ra te  o f  change 
o f  less than 10' C per hour, 
Two potential  sot~rces o f  e r ro r  are i)olari:ation wander and coherent back- 
scatter i n  the waveguide. Polar izat ion conserving f ibcrs,  which w i  l! minimi ze 
polar izat ion vector wander, are under devel w e n t  and may be incorporated i n  
l a t e r  models. Nide np t i ca l  ban&idth single-rode laser sources w i l l  r i ~ i r i z e  
backscatter coherence. It i s  expected t ha t  suf f ic ient  information w i l l  be 
generated from the FORS ;rodel nc#r under jevelopment t o  allow meaningful sim- 
u l a t i on  by mid-FY83. Co~p le te  characterizat ion i s  expected by the end o f  FYM 
as a r esu l t  o f  the present program. The fu r ther  developlent in.'.o a 3-axis 
f l i g h t  system would require a contract progran o f  about 2-year's durat ion and 
i s  dependent on continued progress i n  the f iber-opt ics comunication f i e l d  f o r  
the requi red canponents. 
8. Star Trackers 
There w i l l  be a 2-axi s s tar  tracker mounted on the bus w i th  a second u n i t  as 
a backup. These trackers w i l l  u t i l  i ze charge-coup1 ed device (CCD ) techno1 og_v 
t o  provide high tracking accuracy, long-term s tab i l i t y ,  and long l i f e .  The 
sensor w i l l  consist of an imaging system, a CCD detector, focal-plane elec- 
tronics, a microcmputer, and 3 thermoelectric cooler f o r  the detector. There 
are two sources f o r  t h i s  technology: the MADAN program sponsored by the A i r  
f ~ r c e  s'ld the work t ha t  has been done a t  JPL. The goal o f  the A i r  Force work 
has been a radiation-hard tracker, but  funding problems have prevented i t s  
coarpletion. The most recent output of t4.e JPL work has been the prototype s tar  
tracker f o r  SIRTF. The use o f  the microcomguter allows in terpo la t ion o f  image 
locat ion i n  the 9 m dianteter focal plane t o  w i th in  - +1 ;im. The opt ical  system 
determines the corresponding angular resolution. For example, a s tar  i n  an 
8- by 8-degree f i e l d  could be located to  - +3 arc seconds. 
There are two operating modes, acquis i t ion and track. During acquisit ion, the 
tracker scans the en t i re  field-of-view and stores the locat ion o f  s tar  source 
signals exceeding a preselected level. I n  the track mode, only the p ixe ls  
surrounding the selected stars are scanned i n  order t o  speed the processing of 
the data. Figure 5-7 shows the block diagram o f  the SIRTF f i n e  guidance sensor 
and i s  typical  of these systems. 
The projected weight, size, and power requirements for  the s tar  tracker 
assembly are 5.5 kg, 7500 cm3, and 10 U. The development of t h i s  class o f  
sensor i s  w e l l  along and the next phase would be the construct ion o f  an engi- 
neering model. The experience wi th  the SIRTF prototype. which i s  now under- 
going f i e l d  tests, w i l l  provide infomat ion f o r  s rather complete characteriza- 
t i o n  of such systems. 
C. Earth Sensor 
The Quantic Model 5100 o r  a s imi lar  device would be the choice f o r  the re- 
quired Earth sensor. This i s  a passive, in f rared horizon sensor designed 
f o r  operation f run geosynchronous a1 ti tude. It i s a f u l l  y-devel oped 
instrunent and i s  used on the A i r  Force DSCS I f  I sate l l i t e .  It u t i l i z e s  four  
pa i rs  o f  thennocouple detectors t o  sense the l imb o f  the Earth i n  the 22 t o  
33 vm band. It provides analog output voltages proportional t o  p i t ch  and 
to1 1 over a 1 inear range o f  - +2 degrees as we1 1 as an Earth-presence signal. 
A saturated output s ~ i t a b l e  for Earth acquis i t ion i s  provided over a range o f  
+17 degrees. A b u i l t - i n  Sun sensor provides f o r  the re jec t ion  o f  fa1 se 
- 
readings when the Sun i s  i n  the field-of-view. The specif ied accuracy o f  the 
Earth sensor i s  0.046 degrees (301, a t  nu l l ,  a t  the design a1 t i tude. This 
f igure includes the seasonal var iat ions o f  the horizon and component d r i f t  
projected over 10 years. The noise-equivalent angle i s  0.002 degrees (30). 
The weight, size, and power specif icat ions are 2.5 kg, 1900 cm3, and 3.2 W. 
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The log ic  for  Sun-presence protect ion i s  contained w i th in  the sensor. Since 
the signal outputs are analog, A-to-D conversion m s t  be provided. 
This sensor i s  an improved version o f  e a r l i e r  sensors which have been i n  pro- 
duction since 1969. This model has been thoroughly characterized as pa r t  o f  
the OSCS I11 program. Further development work i n  the area o f  detector 
characterizat ion and ground tes t ing and ca l ib ra t ion  o f  the completed sensor 
could resu l t  i n  an improvement i n  sensor accuracy by perhaps a factor  o f  two. 
U i t h  the present characterization, the sensor can be modeled w i th  a f a i r  
degree of accuracy. 
D. Shape and Vibrat ion Sensors 
The shape and v ibrat ional  motions of the major MSAT structural  elements must 
be monitored both f o r  the purpose o f  control throughout the en t i re  l i f e  o f  the 
spacecraft and f o r  Phase 111, system checkout and perfonnance testing. The 
descript ion given below i s  f o r  SHAPES (Spatial High Accuracy Posit ion Encoding 
Sensor), an advanced shape and v ibra t ion sensor under current development a t  
JPL. 
The sensor system w i l l  consist o f  the sensor head t o  monitor the antenna re- 
f l ec to r  and the accompanying electronics. The head mounts on the bus and 
monitors the 3-dimensional coordinates of points on the re f lec to r  by 
measuring the range and d i rec t ion t o  these points from the sensor head. The 
operation o f  SHAPES i s  dependent upon the rapid a1 tera t ion o f  two basic 
measurement processes: the measurement o f  range and the measurement o f  
direct ion. The measurement o f  range i s  done by t iming the f l  i gh t  o f  a very 
short pul se o f  1 i g k t  from the sensor head t o  a r e f l ec to r  a t  the po in t  t o  be 
measured and returned. This measurement, as w i l l  be detai led below, i s  not  an 
actual time measurement but  i s  a comparison between the round t r i p  t rave l  t ime 
of the pulse t o  the re t ro re f lec to r  and back, and the time t o  t rave l  through a 
reference length o f  opt ica l  f iber.  The d i rec t ion t o  the target  r e f l ec to r  i s  
determined from the l m a t i o n  o f  the image o f  the re f lec to r  i n  the focal plane 
o f  the sensor head. 
A diagran o f  the sensor i s  shown i n  Fig. 5-8, which i l l u s t r a t e s  the appl icat ion 
t o  the monitoring o f  the antenna re f lec tor .  The measurement process s ta r t s  
w i th  the pulsing o f  the laser-diode 1 i g h t  source. The rad ia t ion from the laser  
i l luminates a l l  o f  the re t ro re f lec to r  targets and i n  addi t ion launches a pulse 
i n  the f iber-optics reference path v ia  the f i be r  pickup. The reference path 
consists o f  a set o f  f i b e r  co i l s ,  which serve as incremental time delays. 
These delays are switched i n  and out by integrated-optics waveguide switches 
under the control o f  the microcomputer. The return pulses from the re t ro -  
re f lec to rs  are imaged by the object ive lens onto the photocathode o f  a scanning 
image tube. The output o f  the scanning image tube i s  detected by a CCD detector 
integral  w i th  the tube. The readout o f  t h i s  detector i s  control led by a micro- 
processor through the timing and readout c i r cu i t s .  The image tube may be 
operated i n  e i ther  o f  two modes. M i  t h  no sweep vol tage appl ied, the tube 
relays the image formed on i t s  photocathode t o  the CCD detector f o r  readout. 
Operation i n  t h i s  mode i s  equivalent to  taking a picture o f  the target  region. 
The images produced i n  t h i s  mode are presented i n  Fig. 5-9 by the c i r cu la r  
dots. This mode gives the di rect ions from the sensor head t o  the targets. 
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The second mode of operat ion i s  w i t h  the sweep c i r c u i t s  activated. The t iming 
c i r c u i t s  s t a r t  the  sweep shor t ly  before the  a r r i v a l  o f  the  re tu rn  pulse. The 
sweep scans the image across the CCD detector so t h a t  there i s  a 1:l corre- 
spondence between po in ts  on the  detector and the  a r r i v a l  time o f  the r e t u r n  
pulse. These a r r i v a l s  are rep rese~ ted  i n  Fig. 5-9 by the oval spots. The 
displacement Az of the spots on the  detector i s  a measure o f  the  a r r i v a l  t ime 
of the various pulses a f t e r  the s t a r t  o f  the sweep. Since the reference path 
pulse i s  a lso recorded, a c a l i b r a t i o n  o f  the sweep i s  obtained each time. The 
sum o f  the times correspond t o  t9e switched f i b e r  delays, and the times 
corresponding t o  the d i  fferences between the  d i  spl acements o f  the spots 
returned from the re f l ec to rs ,  and the displacement o f  the reference spots, are 
the measure o f  the round-t r ip  t rave l  t ime and hence the  range. The processing 
o f  the output o f  the sweep tube i s  the same f o r  e i t h e r  mode o f  measurement. 
The requirement i s  t h a t  charge be allowed t o  accumulate i n  the CCD f o r  many 
pul ses o f  the laser. Tbe cent ro id  o f  the charge d i s t r i b u t i o n  i s  then deter- 
mined i n  the  readout process. The coordinates o f  the  centroids locate  the  
average pos i t i on  o f  the spots during t h a t  sequence c f  pulses. From these 
coordinates o f  the  output data, d i rec t i on  t o  the targets o r  range, depending 
on the measurement mode, are calculated. 
The SHAPES sensor j u s t  described i s  i n  the ea r l y  development stage. Most o f  
the technologies such as the readout o f  the CCD are wel l  understood and w i l l  
requi re 1 i ttl e fu r the r  development. The integrated opt ics  switches , however, 
are now under development f o r  FORS and other systems, and fu r the r  work i s  
proceeding t o  produce switches w i t h  ?ower losses. The r e l a t i v e  complexity o f  
the system also requires a s i g n i f i c a n t  e f f o r t  a t  system integrat ion.  The 
projected completion date f o r  a SHAPES breadboard i s  the end o f  FY84 w i t h  an 
engineering model two years l a t e r .  Estimates o f  weight, size, and power con- 
sumption f o r  the sensor are 20 kg, 6,900 cm3, and 100 W. Reasonably accurate 
modeling o f  the SHAPES sensor should be possib le b y  the end o f  FY84. 
E. Sun Sensor 
The technology presented by  the  MSAT Sun sensor i s  we l l  establ ished and there- 
f o r e  requi res no added development. A z-axis, analog device t y p i c a l  o f  t h a t  
f lown on ATS-6 w i t h  a l a r g e  f ie ld-of -v iew i s  appl icable. The sensor consis ts  
o f  four  s i l i c o n  photodetectors interconnected t o  ob ta in  a n u l l  output when the 
sensors a7.e po in t i ng  t o  the Sun. The sensor has an accuracy o f  - +3 minutes o f  
arc. 
5.2.3 Control Actuators 
A. Solar Array Dr ive  
The solar  a r ray  d r i v e  actuators requirement can be met w i t h  no new technology. 
An adaptation of the design used f o r  the 3PL scan o r  antenna actuators, based 
on the stepper motor dr ive, throuah a gear t r a i n  o f  as low as 180 t o  1 (g i v ing  
1/2 degree p o s i t i o r ~  cont ro l  w i t h  a 90 degree-per-step motor) could be used. 
Once the spacecraft pos i t i on  i s  established, a simple constant speed d r i v e  i s  
feasib le,  o r  a feedback cont ro l  loop using the Sun sensors i s  e a s i l y  imple- 
mented. For the 10-year l i f e  requirement, redundant motors and gear t r a i n s  
should be considered. 
B. Reaction Wheels 
Two d i f f e r e n t  technology regimes are ava i lab le  t o  meet the requirements fo r  
both the momentum management and the f i n e  po in t i ng  reac t ion  wheel requirements. 
These diverse techno1 ogies are represented by bal 1-bearing and magnetic-beari ng 
designs which are described i n  the fol lowing. 
B1. Bal 1-Bearjng Suspension 
This technology i s  very mature, w i t h  l a rge  numbers o f  wheels i n  use, manufac- 
tu red  by Sperry o r  Bendix. Both these manufacturers s t a t e  t h a t  a 100,000-hour 
l i f e  i s  possible. Great care must be exercised i n  the bearing design and 
fab r i ca t i on  t o  achieve such 1 i f e .  I n  addit ion, p rov is ion  should be made t o  
assure t h a t  minimum operat ion takes place a t  r o t o r  speeds below t h a t  which 
provides a s u f f i c i e n t  hydrr-dynamic l u b r i c a n t  f i l m .  This i s  t y p i c a l l y  about 
100 rpm. The cont ro l  system should take the wheels r a p i d l y  through the speed 
range by t rans fe r r i ng  maentun from the small t o  la rge  wheels, o r  t o  the 
con t ro l l ed  element by th rus te r  f i r i n g s .  
B2. Magnetic Bearing Suspension 
I f  the 10-year l i f e  c a p a b i l i t y  o f  b a l l  bearings c2nnot be s u f f i c i e n t l y  demon- 
strated, use o f  a magnetic bearing should be considered. S p e r ~ y  F l i g h t  Systems 
Company has ca r r i ed  t h i s  technology t o  the p o i n t  o f  completing engineering 
model s f o r  seveff::l wheel sizes. One model has undergone 1 i m i  ted  envi romnental 
test ing.  While the design concept has been wel l  "emonstrated, a f u l l  qua1 i f i -  
ca t ion  program on each size would be needed before f l i g h t .  The adv&ntages 
presented by t h i s  technoloqy are the absence o f  a wear mechanism f o r  the 
bearings, and the p o s s i b i l i t y  o f  inc lud ing  f u l l  redundancy i n  bearings and 
t h e i r  cont ro l  e iect ronics,  a t  the cost  o f  higher mass and the addi t ional  
complexity of the suspension electronics. 
The physical cha rac te r i s t i cs  o f  such magnetic suspension wheels are: 
Di sturbance Management Wheel : 
678-1356 N-ws (500-1000 f t - l b - S )  
size: 76 cm (30 in .  sphere 
mass: 76 kg (168 l b )  
power: 17 W continuous ( f o r  suspension) 
90 W f o r  torquing, maximum 
Fine Po in t ing  Wheel : 
38 N-IPS (28 f t - l b - S )  
size: 33 cm (13 in.) sphere 
mass: 16.3 kg  (36 l b )  
power: 5 W continuous ( f o r  suspension) 
5.3 SATELLITE ANTENNA STRUCTURE 
The MSAT design presented i n  t h i s  document uses the  wrap-rib antenna concept. 
The wrap-rib deployable antenna has been developed by Lockheed M i  s s i  1 es Space 
Company (LMSC) f o r  numerous fl i g h t  appl i ca t i ons  using many d i f f e r e n t  s ize 
antennas. The best known app l ica t ion  i s  probably the  ATS-6 spacecraft, which 
used a 9.1 m parabol ic r e f l e c t o r  operat ing up t o  8 SHz. However, the  ATS-6 
antenna used aluminum r ibs,  conventional thermal blankets, and copper-pl ated 
dacron mesh, which represents about a 15-year o l d  technology. Recent 
developments for  t h i s  concept include; a) graphite epoxy and metal mat r ix  r i bs ,  
b) gold-plated molybdenum mesh, and c)  con t ro l l ed  r i b  deployment f o r  the  l a rge  
s i ze  antennas, i.e., 10 m and larger.  This technology has been demonstrated 
p r i n c i p a l l y  w i t h  axisymmetric antenna conf igurat ions, u t i l i z i n g  a simple feed 
support structure. The state-of- the-art  f o r  t h i s  design can accomnodate 
axisymmetric antennas up t o  44 m i n  diameter f o r  operat ion up t o  a t  leas t  
X-band. 
The i n i t i a l  goal o f  the  o f f s e t  wrap-rib concept development under Ldrge Space 
Structure Technology (LSST) was t o  determine the  a p p l i c a b i l i t y  o f  the bas ;: 
axisymmetric s t ruc ture  t o  o f t se t - fed  configurations. The irnpact o f  changing 
the  f e e d / r e f l e c t ~ , ~  c o ~ f  igura t  i on  was evaluated i n  terms o f  r e f l e c t o r  surface 
qua1 i t y ,  cost, weight, mechanical complexity, and mechanical packaging 
e f f i c i ency  f o r  r e f l e c t o r  s t ructures up t o  300 m i n  diameter. The studies 
have shown tna t  the a~isymmetr ic  r e f l e c t o r  s t ruc tu re  i s  d i r e c t l y  appl icable 
fo r  o f f s e t  conf igurat ions w i th  smal; impact-to-cost and technical r i sk .  The 
malor i~npact resu l ts  from changing the conf igurat ion of the long mast i n t e r -  
connecting feed and ref lector .*  The t y p i c a l  axisymmetric re f1  ector  u t i  1 ized 
a simple t r i p o d  o r  mast o r i g i n a t i n g  at the  perimeter o f  the  antenna hub 
structure, and terminat ing a t  the focus o f  the  re f l ec to r .  Iiowever, f o r  the  
o f f s e t  conf igurat ion the  mast can be hard-mounted only a t  the r e f l e c t o r  hub 
s t r ~ c t u r e .  The resu l t i ng  conf igura t ion  i s  a can t i l eve r  boom or ig i r ,a t ing  a t  the  
antenna hub w i t h  a s t ra igh t  sect ion approximately equal i n  length t o  the 
r e f l e c t o r  radius, f o l  ;owed then by another sect ion t h a t  makes approx;mately a 
90-degree change i n  d i rec t i on  and i s  1.5 t imes the diameter o f  the re f lec tor .  
Clearly,  the technology challenge i s  associated w i t h  developing concepts f o r  
t h i s  deployable mast structure. The r e f l e c t o r  and feed support s t ruc ture  
devel - p e n t  are discussed i n  the f o l  lowing section. 
5.3.1 Gf fse t  Ref lector  Devel opment 
The r e f l e c t o r  s t ruc ture  f o r  both ax i  symmetric and o f f se t - fed  antennas consists 
o f  the r i bs ,  hub assembly, and mesh (see Fig. 3-23). The r i b s  f o r  the c f f s e t  
r e f l e c t o r  are based on graphi te epoxy technology because of; 1) improved 
thermal and s t i f f n e s s  proper t ies as compared t o  aluminum (which was used on the 
ATS-6), and 2 )  the  leve l  o f  matur i ty  o f  t h i s  technology. The cross sect ion 
o f  the r i b s  w i l i  be f u l l  l en t i cu la r ,  the  shape required f o r  the la rger  s ize  
antennas. The length o f  a s ing le  r i b  segment i s  l i m i t e d  t o  approximately 6 m 
by cur rc i -~ t  manufacturing support equipment capacity. Therefore, the  
r i b s  are made i n  segments, and are then spl iced together a f t e r  machining f o r  
the  f i n a l  product. The t o o l i n g  f o r  the i nd i v idua l  r i b  segments produces h a l f  
s e c t i ~ . , ~  which are bonded together f o r  the complete r i b  segment. Since the  r i b  
has a tapered cross section, several sets o f  d i f f e r e n t  t o o l i n g  are required f o r  
each r ib .  These manufacturing procedures arc i den t i ca l  f o r  both the 
* This L-shaped mast has been interchangeably ca l l ed  i : i e  feed support 
s t ruc ture  or  r e f  l e c t o r  suppart structure. 
axisynmetric and offset-conf igured r ibs. Hcmever, due t o  the  nonsymnetric 
shape o f  t h e  o f f se t  re f lec tor ,  only planar syrrmetric pa i r s  o f  r i b s  have the  
same ctirvature. Normally, t h i s  s i t u a t i o n  would require many addi t ional  sets o f  
expensive tooling. To avoid t h i s  s i tuat ion,  a s u f f i c i e n t l y  l a rge  l i p  i s  put 
on the hasic ri; t o  accommdate the machining o f  d i f f e r e n t  curvatures so the  
same set o f  t oo l i ng  can be used f o r  each r ib .  These processes have been 
u t i  :!zed f o r  fabr ica t ion  o f  t he  r i b s  f o r  t h e  LSST 55-m proof-of-concept 
hardware model. One r i b  has been completed and the  remaining three r i b s  are 
near conpletion. Single-r ib deployment w i  11 be demonstrated during the  f i r s t  
quarter o f  FY82 and 4-rib, 3-mesh gore deployment w i l l  be demonstrated d q r i i g  
the  fourth quarter o f  FY82. The technology i s  wel l  i n  hand f o r  the  design 
fabr ica t ion  and tes t i ng  o f  t he  r i b  s t ructure f o r  la rge s ize  wrap-rib antennas. 
The basic design o f  the hub s t ruc ture  w i th  cont ro l led  r i 3  deployment capab i l i t y  
i s  compatible w i th  both axisymmetric and o f f se t  configurations. Ex i s t i ng  LMSC 
hub designs w i l l  be used fo r  the "proof-of-concept" hardware demonstration. 
The mesh selected f o r  demonstration on the LSST hardware w i l l  be 2-bar, 
t r i c o t  k n i t ,  gold-plated molybdenum wire. This wire was selzcted becal~se 
o f  i t s  r e l a t i v e l y  low st i f fness.  This charactet*istic w i l l  accommodate the  2- 
d i rec t iona l  tension f i e l d .  whi le the antenna experiences la rge thermal changes, 
without imparting a large lead t o  the r i b  s t ructure or  developing wrinkles i n  
the  RF r e f l e c t i v e  surface. This type o f  mesh has been successful ly  used on 
wrap-rib antennas up t o  50 m i n  diameter. 
5.3.2 Offset Feed Support Structures 
The deployable L-shaped mast s t ruc ture  represents a new technology development 
i n  that  an extensive LSST review o f  ex i s t i ng  concepts and designs f a i l e d  t o  
i den t i  Fy a ''ready made" solution. This technology review included evaluat ion 
of; a) 22 d i f f e r e n t  basic beam cross sect ion forms, b! 5 basic t russ  config- 
u ra t i on  variat ions, c) 14 d i f ferent  basic storage methods, ant d) 20 d i f f e r e n t  
spec i f i c  deployable boom concepts. The c r i t e r i a  f o r  t h e  evaluat ion included; 
a) cost, b) technical r i sk ,  c )  weight, d) r e l i a b i l i t y ,  e) mechanical packaging 
effic'ency, f) dimensional s t a b i l i t y ,  g) deployment repeatabi 1 i ty, 
h) s t ruc tu ra l  frequency, and i j  concept matur i ty  [Ref. 101. However, 
t h e  subject evaluation d i d  i l l um ina te  many desi rable features from a number 
o f  d i f fe rent  designs. The in tegra t ion  o f  these somewhat separate features 
resul ted i n  the  design of a new deployable boom concept. These features 
include: a) preloaded longeron jo in t s ,  b) 1 ightweight deployment cage, 
c)  deployment, schems which accomnodate boom s t i f fness  dur ing a l l  phases o f  
deployment, d) deployed c o n f i w r a t i o n  i s  a t r u e  truss, i.e., a l l  members 
car ry  ax ia l  loads only, e) diagonals t h a t  carry only tension resu l t s  i n  a 
1 i ghtweight design w i th  good packaging e f f i c iency ,  f) tapered graphite epoxy 
longerons which represent mature techno1 ogy, and g) t h e  stowed arrangement o f  
longerons gives good packaging ef f ic iency,  i.e., a 680-m length o f  boom stows 
up t o  a 20-m long package. This t russ  type deployable boom s t ruc ture  i s  the  
baseline design f o r  t he  of fset  ante,ina configuration. 
This boom con ?pt has been developed t o  the point  o f  a prel iminary design which 
i s  cur rent ly  under evaluat ion w i th  the a i d  o f  f i  nite-elenient ana ly t ica l  models 
and breadboard hardware components. The geometry o f  t he  p re l  i m i  nary design i s  
used t o  establ ish the  baseline conf igurat ion and packaging ef f ic iency.  The 
analyt ic":  models are needed t o  help character ize the complete antenna. The 
hardware components, which consist o f  the preloaded hinge j o i n t  and tapered 
graphite epoxy tubes, w i l l  be used t o  help v e r i f y  the design i n  terms o f  
s t ruc tu ra l  s t i f fness ,  weight and kinentatic funct ion The pre l  iminary design 
w i l l  be re f ined w i th  restr l ts  o f  the comnpopent evaluat ion during FY82. A d e t a i l  
design, s u f f i c i e n t  t o  support the  f a b r i c a t i o n  o f  a  2-bay sect ion o f  the  
boom f o r  t he  55-m "proof-06-concept" model w i  11 be completed by t h e  end o f  
FY82. Fabr icat ion and t e s t i n g  o f  the  2-bay model w i l l  be accomplished 
dur ing FY83. Results o f  t ha t  evaluat ion w i  11 be used t o  support t he  design o f  
the large-size of fset  re f lec tors .  The matur i ty  o f  the  technology f o r  the  
o f f se t - fed  support boom i s  considerably behind tha t  o f  the  r e f l e c t o r  
structure. The f i r s t  l a rge  s ize  hardware demonstration of t h ?  bocm w i l l  be 
a t  leas t  one vear behind the  re f l ec to r .  Addi t ional ly ,  evaluat ion o f  l a rge  s ize  
boom hardware could r e s u l t  i n  fu r tber  refinements o f  the basel ine design, thus 
extending the  techncloqy readiness date fo r  the  of fset- fed wrap-r ib antenna 
concept. 
5.3.3 Offset Wrap-Ri b  Antenna Mechanical Per f  ~rmance 
The funct ional  mechanical perfornlance of a la rge  space antenna s t ruc ture  i s  
usual ly  considered t o  be the  prec is ion  of the  r e f l e c t o r  surface i n  the service 
environment, the alignment o f  the feed zupport s t ruc ture  w i th  respect t o  the  
r e f l e c t o r ,  and ' t s  subseq~ient dinensionzl s tab i  1  i ty. The p r i nc ipa l  fac tors  
t h a t  cont r ibu te  t o  r e f l e c t o r  surface e r r o r  and feed s t ruc ture  nrisaligr~ment 
include; a )  t he  s u r f  a ie  approximat i o n  error ,  b) assmbly to1 erances, 
c )  thermal d is to r t ion ,  d )  mater ia l  dimensional s t a b i l  i t y  and, e) s t ruc ture1 
cont ro l  system interact ions. The se lec t ion  o f  24 r i b s  fo r  the  r e f l e c t o r  
s t ruc tu re  resul ted from an analysis by LMSC. The analysis was based on the 
minimum number o f  r i b s  f o r  an ideal  r e f l e c t o r  t o  accomnodat,e -25 dB sidelcbe 
leve ls  and may have t o  he increased f o r  higher sidelobes. This number o f  r i b s  
r e s u l t s  i n  a  maximum surface dev ia t ion  from an idea? ref lectat -  o f  5 mm a t  the 
t i p  o f  the r ibs.  Ref lector  thermal d i s to r t i ons  were calculat.ec! f o r  the  worst 
case temperature d is t r ibu t 'ons  ac,l turned out t o  be 0.5 rnn at  the t i p  o f  the 
ribs. This def lect ion i s  an order-of-magnitude less than the surface er ror  due 
t o  the re f lec to r  approximation. This means that  i f  more s ta t i c  surface 
precision i s  required, increasing the number o f  r i bs  w i l l  be f a r  more 
productive than improving the t h e m !  design. 3 e  detemination of thermal 
d istor t ions o f  the feed support structures wi th respect t o  the re f lec to r  is  
currently i n  process- These deflect ions w i l l  be combined w i th  the re f lec to r  . 
thermal d istor t ions t o  obtain the conposite antenna geometry. This geometry 
w i l l  be used as the basis of an analysis for determining the ef fects o f  
thermal d is tor t ion on the f a r - f i e l d  patterns of the antenna. This analysis i s  
expected t o  be conpleted during FY82. 
5.4 RF COMPONENT TECHNOLOGY 
The pr incipal  RF component technologies that  require advanced development f o r  
HSAT appl icat ion are UHF and S-band power amplif iers, UHF diplexers, and 
the  act ive phase compensation technique (see Section 3.8) i f  i t  i s  determined 
t o  be necessary f o r  u t i l i z a t i o n  i n  the system. 
5.4.1 UHF Amplif iers 
S i l i con  bipolar  t ransistors are current ly the prime technology candidate f o r  
use i n  the UHF ampl i f ie r  design. Power GaAs FET technology i s  being pushed 
upward i n  frequency and power level, w i th  the low-frequency l i m i t  current ly  
a t  about 2 GHz. The best information avai lable from current market trends 
indic3te that  there are no economic dr ivers t o  push the development o f  low- 
frequency (800-300 MHz j power GaAs FET techno1 ogy. 
Bipolar power device technology ill the 80'3-900 MHz region i s  current ly inade- 
quate t o  meet the nee& o f  the LMSS aapl i f i e r  requirement. Experimental 
devices f o r  tise i n  the 800-900 MHz frequency range are avai lable i n  sample 
quant i t ies from several manufacturers f o r  ccmton emitter 1 inear and common-baco 
class C power app? icat ic~ns (see Table 5-2). Limited ~dnufacturer  chcracceri- 
za t icn  a3d pub1i;hed data exists f o r  these devices. The economic d:ivers f o r  
these devices are the ce l l u l a r  mobile rtdiotelephone systen~s and CATV appl i -  
cations, n i t h  optimization i n  most cases done for  12 VDC operation. In the 
LMSS application, higher voliage operation i s  needed due t o  the reqsired RF 
power level and signal dynamics. 
Transistor device technology optimization for the LMSS appl icat ion w i l l  r eq t~ i r e  
fu ture  development. The parameters tha t  w i  11 require optimization are: device 
geometry, d i f f u s i o n  p ro f i l es ,  meta l l i za t ion ,  c u t o f f  frequency, output power 
level ,  operat ing voltage, vol tage breakdown charac ter is t i cs ,  and e f f i c i ency  
i n  order t o  the  system goal f o r  a 50 percent power ampl i f i e r  e f f i c iency ;  
e f f i c i ency  f o r  operat ion w i t h  a l a rge  number o f  c a r r i e r s  i n  t he  ampl i f i e r  
appl icat ion;  em i t t e r  b a l l a s t i n g  f o r  l o n g - l i f e  r e l i a b i l i t y  and operat ional 
ruggedness fo r  load mismatch; good intermodulat ion cha rac te r i s t i cs  (1 i near i t y )  
over a range of la rge  s ignal  dynamics; and device terminal inpedances. Many 
of these parameters opt imize d ivergent ly  w i t h  respect t~ the  LMSS system 
requ i rement s. 
Table 5-2. UHF Power T r a n s i s t ~ r s  
Pending device developent  and opt imizat ion, breadboard power amp l i f i e r  
def i n i  t ion acd development should continue. Evaluat ion and character izat ion 
o f  cur ren t ly  ava i lab le  generic devices i s  needed t o  b e t t e r  understand the  
prob1e:ns associated w i t h  i n teg ra t i on  o f  the devices i n t o  breadboard ampl i f ie rs  
f o r  the LMSS appl icat ion. Bias techniques fo r  h igh-ef f ic iency,  s o l i d  s t a t e  RF 
ampl i f i e r s  i n  m l t i p l e  c a r r i e r  appl icat ions need t o  be investigated. Class 80 
b ias  operat ion f o r  RF ampl i f i z r s  shows promise under Gaussian envelope s ignal  
condit ions. Data a t  low RF frequency (1.9 MHz) has demonstrated good agreement 
w i t h  theory f o r  e f f i c i ency  improvement over tha t  o f  c lass B operat ion (a f a c t o r  
i I I I Manufacturer Device No. I Saturated Power Output ( W  CGI) I 
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o f  1.57 times more ef f ic iency) .  This b ias technique should be invest igated 
f o r  t he  800-900 MHz appl i c a t i o n  using the  best devices cur rent ly  avai lable. 
Another b ias technique f o r  inves t iga t ion  and evaluat ion i s  the use o f  a 
s l i d i n g  b ias t o  change the class o f  operat ion as a funct ion o f  signal dynamics. 
Study, evaluation, and in tegra t ion  o f  breadboard d r i v e r  ampl i f ie rs  w i th  the  
power amp l i f i e r  i s  required t o  demonstrate the  power amp l i f i e r  capab i l i t y  f o r  
t h e  LHSS application. The d r i v e r  amp l i f i e r  w i l l  have t o  provide s o f t  l i m i t i n g  
capabi 1 i ty t o  contro l  the  peak-to-average power hand1 i n g  requirement i n  order 
t o  avoid voltage st r?ssing devices i n  the  power amp l i f i e r  and t o  maintain t h e  
power ampl i f ier  operation i n  a l i n e a r  region. The u t i l i z a t i o n  o f  feed-forward- 
feedback techniques around the d r i v e r  and power zrnpl i f ier  w i l l  probably be 
required t o  reduce intermodul a t i o n  d i s t o r t  i on  f o r  the  LMSS appl icat ion.  
Evaluat ion o f  a breadboard conf igurat ion w i  11 provide data t o  v e r i f y  ana ly t ica l  
studies and a i d  i n  necessary system tradeoff  compromises. Very l i t t l e  
information i s  avai lable on phase and amplitude t rack ing  charac ter is t i cs  f o r  
so? id  s ta te  power ampl i f ie rs  w i th  temperature change, and f o r  mu l t i p le  c a r r i e r  
operation. Ampl i f ie r  evaluation i s  required t o  generate a baseline o f  phase 
and amp1 i t ude  data tha t  w i l l  a i d  i n  the  system t radeof f  decision t o  determine 
whether there i s  need t o  use ac t ive  phase t rack ing  techniques. 
Bipolar  device technology improvements must be achieved t o  meet the  RF power 
l eve l  and e f f i c i ency  requirements. GaAs FET device technology a t  2.5 t o  3 GHz 
i s  current ly  evolving. The mu l t i p le  c a r r i e r  app l ica t ion  i s  the  most s i g n i f i -  
cant area f o r  inves t iga t ion  since each power amp l i f i e r  must handle the  signals 
received from up t o  four UHF beams. Evaluat icn o f  the breadboard UHF power 
amp l i f i e r  should be pursued f i r s t ,  w i t h  the  knowledge gained, then appl ied t o  
t h e  S-band amp1 i f i e r .  
5.4.3 UHF 3 ip lexe r  
Technology improvements are required f o r  the UHF d ip lexer  i n  order t o  meet t he  
c u r r e n t l j  ava i lab le  weight and space envelope required f o r  t he  134 d ip lexers on 
t h e  UHF feed array. As a pa r t  o f  the system design evolution, system 
i m p l e n t a t i o n s  should be reviewed and dip1 exer requirements reviewed fur ther .  
I n  addit ion, f e a s i b i l i t y  studies should be conducted t o  determine t o  what 
extent d ip lexer  weight and s ize  can be reduced through the  use of high 
d i e l e c t r i c  resonator technology, high d i e l e c t r i c  loading and other  f i l t e r  
techniques. Lightweight, plated-up mater ia ls  such as graphite-epoxy should 
be invest igated f o r  use i n  the  d ip lexer  chassis. A breadboard model should be 
evaluated t o  demonstrate hardware feas i  b i  1 i ty. 
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Appendices 
APPENDIX A 
CASSECRAIN DUAL REFLECTOR ANTENNA DESIGN 
The soundness o f  an antenna design, p a r t i c u l a r l y  one s t r u c t u r a l l y  as l a rge  as 
MSAT's UHF antenna, should be u l t ima te l y  based r o t  on ly  on i t s  e ? c e t r i c a l  
performance but  a lso on i t s  s t ruc tu ra l  charac ter is t i cs  and i t s  p o i n t a b i l i t y  and 
c o n t r o l l a b i l i t y .  The design presented i n  Section 3.4 i s  based on a s ing le  
r e f l e c t o r  afid requi res a l a r g e  F/Dp t o  provide adequate scan perfomlance. The 
la rge  F/Dp i n  t u r n  r e s u l t s  i n  a la rge  L-shaped s t ruc ture  connecting the re f l ec ta r  
and the feed array. As discussed i n  Section 3.2, MSAT has a very t i g h t  po in t ing  
and s t a b i l i t y  requirement. This, among other  th ings,  neces:itates a very 
acclrrate alignment of the r e f l e c t o r  and the feed. Aside from the s t a t i c  
a1 i gmen t  , wi th  e r ro r  sources such as manufacturing errors,  the e n t i r e  antenna 
s t ruc ture  w i l l  constant ly  be subjected t o  dynamic motions dur ing i t s  operat ion 
i n  o r b i t .  One o f  the  many t radeof fs  fac ing an antenna designer i s  whether the 
la rge  L-shaped boom (see Fig. A-2(a)) conrtecting the r e f l e c t o r  and the  feed 
should be rnade more r i a i d ,  and thus heavier, b ~ t  more immune t o  various dynamic 
disturbances, o r  i t  should be made l i g h t e r  which makes i t  more f l e x i b l e  arid 
more responsive t o  dynamic disturbances. 
A "Folded Optics" r e f 1  ector  antenna syste~n could somedhat m i t i g a t e  these 
problems. Such a system i s  comprised o f  a paraboloidal main r e f l e c t o r  and a 
hyperboloidal subrefl ector  (cassegra i n  arrangement) o r  an e l  1 I psoidal 
subref lector  (gregorian arrangement). Such arrangements are general ly  used t o  
b r i ng  the feed closer t o  the main r e f l e c t o r  by in t roducing a t h i r d  element 
(subre f lec tor )  i n t o  the system, thus, y ie ld ing  a more compact design. Another 
presumed advani;a~:=. o f  such a system i s  an increase i n  e f f e c t i v e  focal length Fe 
and hence 1 arger F,/D val ues which would improve the scanning cha rac te r i s t i cs  
o f  t he  antenna system. This statement i s ,  however, o n l y  p a r t i a l l y  t r u e  as 
w i l l  be explained shor t ly .  
For cmpar fson  purposes, a cassegrain antenna was designed t o  have a s i m i l a r  
e l @ * - t r i c a l  performance as t he  s i ng le  r e f l e c t o r  antenna o f  Sect i o n  3.3. Having 
equiva lent  e l e c t r i c a l  performarces, the  two antennas were then t o  be compared 
f r a n  the  s t r u c t u r a l  and c o n t r o l l a b i l  i t y  po in ts  o f  vizw. Various on-axis and 
scanned beam pa t te rns  f o r  both designs were ca lcu la ted  t o  insure  t h a t  they  were 
i n  f a c t  e l e c t r i c a l  l y  equivalent.  F igure A-1 def ines t he  cassegrai n antenna 
parameters. The parameters o f  t he  two designs are sumnarized i n  Table A-1. 
The fo1 lowing cons iderat ions have been -,lade i n  t he  cassegrai n r e f 1  ect t r r  
design. 
i ) The lowest r a y  r e f l e c t i n g  o f f  the  lower edge o f  t h e  main r e f l e c t o r  must 
c l e a r  past t he  upper edge o f  t he  subref lector .  More d e t a i l e d  in fo rmat ion  
can be found i n  [I]. 
i i )  The Fe/Dp r a t i o  i n  which Fe i s  the equiva lent  foca l  length,  does not 
determine the  o f f - focus  performance of the  antenna system as one might be 
tempted t o  expect. I n  o ther  words, the  scan perfcrmiince o f  a cassegrain 
system w i t h  a given Fe/Dp r a t i o  i s  no t  ned r l y  as good as a s i n g l e  r e f l e c t o r  
system w i t h  the  save F/Dp r a t i c .  This i s  why the  Fe/Dp = 1 .I27 f o r  t he  
dual r e f l e c t o r  case i s  expected t o  have scan performance comparable t o  
the  s i ng le  r e f l e c t o r  System w i t h  F/Dp = 0.67. 
i i i )  Chooring a l a rge  magn i f i ca t ion  f a c t o r  M r e s u l t s  i n  even l a r g e r  feed s izes  
and hence i n  a much heavier and more cumbersome feed a r ray  s t ruc tu re .  
i v )  An attempt i s  made t o  keep the  feed s t r uc tu re  c lose  t o  t he  main r e f l e c t o r .  
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Figure A-1. Geanetry o f  Offset-Fed Cassegrain Dual Reflector Antenna 
Table A-1. Offset-Fed Single Reflector and Cassegrain 
Dual Reflector Antenna Design Data 
(see Figs. 3-5 and A-1) .  
v)  Overall, since there are several independent parameters t h a t  can be played 
a g a i ~ s t  each other f n  designing the two re f l ec to r  systems, the u l t imate  
choice shouid be b a s 4  nn mechanical and a t t i t u d e  contra; considerat ions 
as wel l  as e l e c t r i c a l  performance. 
f v) I .!e s i  zz of t he  subrzf lecttrr  f o r  "optimm" desdgns sems t o  be around 113 
o f  the  main r e f l e c t o r  size. Everything e lse being equal, a wl t ibeimn 
( m i  t i fced) system requires a 1 arger subreflector so tha t  the  off- focus 
feed e; m n t s  could proper1 y ill m i n a t e  the inain re f lec tor .  
Figures A-2(a,b) and A-3(a,S) show two views each, of the  sing12 r e f l e c t o r  
and cassegrain antenna, respect ively. The f igures r e a d i l y  po in t  out t h a t  there 
does not zppear t o  be cny s t ruc tu ra l  advantqe t o  the  cassegrain system, The 
dual r e f l e c t c r  m?y look decept ive ly  more compact bu t  i t  uses Inore t o t a l  beam 
length, a much la rger  feed array and 2 large s u b r e f l e c t ~ r .  It should be f a i r l y  
obvious tha t  point ing a cassegrain antenna i s  more o f  a challenge because three 
separate elen~ents (feed, subref lector,  main r e f l e c t o r ) ,  ra ther  than two, must 
be properly aligned. Furthermore, the  addit ional problem of surface tolerance 
o f  the subref lector  i s  introduced which might require separate invest igat ion.  
\ ha t  was discussed, so fa r ,  re la tes  t o  a conventional cassegrain design. tfowever, 
i t  i s  ccnceivable t h a t  by shaping the subref lector and main r e f l e c t o r ,  an im- 
proved scan c a p a b i l i t y  might be achieved. Furthermore, the  s ize o f  the  required 
feed aperture-per-beam could be reduced. In  such a shaped dual r e f l e c t o r  
system, the  need f o r  over1 apping c lus te r  feed arrrngement and i t s  concmi tant  
beam forming network could be removed. In t h i s  system, a r e l a t i v e l y  low-gain 
fecd element together w i th  the shaped subref lector would be s u f f i c i e n t  t o  
produce the required high i l l um ina t ion  taper a t  the main r e f l e c t o r .  Such a 
design i s  cur rent ly  under inves t iga t ion  a t  JPL (see Appendix B).  
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( a )  Side View (b )  F ron t  View 
F igure  A-3. Two Views of t he  Offset-Fed Cassegrain Antenna Suggested f o r  MSAT 
REFEREKES 
[I] J m e j a d ,  V., "LUSS Antenna for Simultaneous hl t i b e m  Operation, Contained 
i n  'Systems Studies for  a Land Mobile Sa te l l i t e  Service,'" JPL Internal 
Docurnent 715-86, September 15, 1980. 
APPENDIX 8 
DUN-SHAPED REFLECTOR DESIGN 
Since dual-shaped r e f l e c t o r s  permit contro l  of the  aperture d i s t r i b u t i o n  by 
geometrical op t ics  independent o f  feed pat te rn  and overa l l  r e f 1  ec tor  
posi t ions,  there ex i s t s  a good p o s s i b i l i t y  t h a t  a good low sidelobe m u l t i p l e  
bear r e f l e c t o r  antenna can be designed w i t h  a simple 1 beam/l feed (no 
overlapping c lus ter )  feed array t h a t  gives wide-angle scanning (equivalent 
high F/D) charac ter is t i cs  i n  a very ccmpact system. This would s i g n i f i c a n t l y  
reduce t h e  complexity requirsd i n  the  BFN and feed array and p e n i t  a 
r e l a t i v e l y  saal l ,  1 ightneight  feed concept. 
These resu l t s  have not a1 1 Deen achieved as yet,  although some very promising 
p re l  irninary dcsigns have been examined. Some fundamental problems i n  
synthesis and analysis have been uncovered. Certainly,  however, ~f one o r  
more o f  t h e  requirements atue relaxed, the  prognosis f o r  dual-shaped re f l ec to rs  
i s  indeed very opt imist ic .  
The object ives i n  the  design of a rmltibeam dual-shaped r e f l e c t o r  antenna were 
as follows: 
1) U t i l i z e  only a s ing le  feed element f o r  each beam. This 
el iminates the  need f o r  c lus ters  and s imp l i f i es  the  p w e r  
d i s t r i b u t i o n  network. A 1-2-dB s p i l l o v e r  loss due t o  small 
feeds i s  acceptable since :his much or  more w i l l  be saved by 
simp1 i f  i c a t  ion  of the  p w e r  d i s t r i b u t i o n  network. Furthermore, 
the  e n t i r e  array ~ 1 1 1  be substant i= l  l y  reduced i n  s ize  because 
no edge feed elements w i l l  be needed i n  the feed array. 
2)  rlchieve nominally -30 dB sidelobes. 
3) Achieve wide-angle scanning by obta in ing r e l a t i v e l y  
' f l a t '  (high equivalent F/D) r e f l e c t o r  surfaces. 
4) Achieve a conpact feed p lus  2 - re f l ec to r  system by p lac ing 
t h e  feed array and subrefl ector  a t  mechanically optimum 1 ocat ions. 
O f  course, a l l  these object ives are d i f f i c u l t  t o  achieve simultaneously and 
re laxa t i on  o f  one o r  more n i l  1 r e s u l t  i n  enhancement o f  the  o ther  objectives. 
To accomplish these object ives the fo l low ing items were necessary. 
1 ) Develop the synt hes i s software. 
2) Prepare i n te rpo la t i on  software 1 i nk ing  the  synthesis t o  
analysis software. 
3) Prepare PO/PO analys is  software (PO = Physical ~ p t i c s  analysis 
o f  the  subref lector  - near f i e l d  capab i l i t y ;  /PO = Physical 
op t ics  analysis of the main r e f l e c t o r )  f o r  the shaped re f lec tors .  
4 )  Design shaped r e f l e c t o r  prof i les.  
5)  Analysis by POIPO i s  not ava i lab le  f o r  shaped re f l ec to rs  as 
y e t  (and - not desired a t  t h i s  stage). 
Yore d e t a i l s  and some resu l t s  o f  t h i s  e f f o r t  are presented next. 
Fast Synthesis Software 
The o r i g i n a l  software f o r  dual-snaped r e f l e c t o r  synthesis was developed and the  
successful resu l t s  published 2 t o  3 years ago. The software was .rpgraded t o  
more rap id l y  and automatical 1y generate an e n t i r e  3-dimensional, 2-ref1 ec tor  
system as opposed t o  a r b i t r a r i l y  chosen pro f i les .  The speed, however, 
sac r i f i ces  some accuracy and frequent cross-checks w i th  the  o lder  more accurate 
synthesis prograa must be made. 
PO/PO I n te rpo l  a t  i on Software 
A PO/PO d i f f r a c t  i on  analysis program was developed. This program u t  i 1 izes the 
raw data without in terpolat ion.  It i s  therefore very slow. It w i  11 be made 
faster  by incorporat ion of t he  i n te rpo la t i on  software and e x i s t i n g  Jacobi- 
Bessel software. 
The raw data i s  converted i n t o  t r i angu la r  facets tha t  are appropriately ordered 
and thinned. The subreflector-to-main r e f l e c t o r  current  i n teg ra t i on  i s  
performed by PO as a -- near - f ie ld  i n teg ra t i on  -- no f a r - f i e 1  d approxirnat ions are 
made. This pa r t  o f  the run-stream i s  the  most t ime consuming -- maybe 80 per- 
cent. E i t he r  a s t ra igh t  G i C  o r  a new FPO ( f a s t  PO) w i l l  overcome t h i s  problem. 
However, t he  correctness o f  GTD analysis a t  t h i s  po in t  i s  i n  quest ion f o r  
c e r t a i n  geometries (see l a t e r  discussion). Yence, new f a s t  PO rou t ines  are 
under i nves t i ga t i on  a t  JPL, TRW, and other  areas. 
It i s  imperative tha t  a t  leas t  one PO/PO software program be ava i lab le  f o r  
v e r i f i c a t i o n  purposes. This program serves tha t  purpose f o r  t h e  dual-shaped 
r e f l e c t o r  synthesis. 
Synthesis and Analysis o f  Pre l  iminary Designs 
Enough o f  the  basic software was conpleted t o  begin w i th  some pre l iminary 
designs. Progress has been severely handicapped by the  very expensive PO/PO 
program and by the very recent important discovery tha t  50 and therefore GTD 
w i l l  f a i l  under some important condit ions. More on t h i s  l a te r .  Ncvertheless, 
some extremely i n te res t i ng  and promising pre l iminary designs were made. 
Pro f i l es :  To accomplish t h e  design goals, a ser ies o f  p r o f i l e s  were developed 
some o f  which appear promising. Each o f  these required some substant ia l  
design effort. Some are shown i n  Fig. B-1. Cassegrain and gregorian type 
geometries were synthesized. The p r o f i l e s  o f  some o f  the  resu l t s  are 
presented i n  the  f i g u r e  (o f fse t  plane prof i les) .  These p r o f i l e s  are not 
ro ta t i ona l  l y  symmetric nor a po r t i on  o f  a 'parent '  c i r c u l a r l y  symmetric 
geometry. They should provide -30 dB sidelobes f o r  t he  feed located a t  the  
focus as shown. The geometry permits one-beam f o r  one-feed i n  a m l t i p l e  
beam configuration. D i f f r a c t i o n  analysis i s  required t o  t e s t  the  geometry. 
I n  a l l  cases, an output aperture d i s t r i b u t i o n  o f  -15 dB gaussian f o r  -30 dB 
sidelobes was the  synthesis objective. I n  Fig. B-l(a), a cos 2 *2 (e )  was uqed. 
I n  the  other cases a cos 2 *7 (e )  pa t te rn  was used. Hence, the  feeds are 
- 1 A  i n  diameter. Actually, much la rger  feeds could be used without overlap, 
p a r t i c u l a r l y  i f  the BDF (beam deviat ion fac to r )  i s  less than 1 as expected. 
A 1 inear 8-beam feed i s  i l l u s t r a t e d  i n  Fig. B-l(h). The very flat re f l ec to rs  
promise a very wide scanning capabi l i ty .  
D i f f r a c t  ion  Analysis by GO/AFPO and PO/PO 
The essential  two ingredients o f  'design' are 'synthesis '  f o l  lowed by 
'analysi  s '  ( i n  an i n te rac t i ve  manner). Thus, a d i f f r a c t  i on  analysis w i th  
focal po in t  feeds immediately fol lowed the generation o f  t he  p r o f i l e s  i n  
Fig. 0-1. 
Two d i f f r a c t i o n  analysis software programs are avai lable a t  t h i s  time. The 
f i r s t  i s  actual ly  i n t r i n s i c  t o  the  synthesis software. For a feed a t  the  
foca l  point,  the  synthesis software actual l y  makes a GO (subreflector-to-main) 
analysis and an AFPO (aperture f i e l d  physical op t ics)  analysis a t  the aperture. 
(The f i n a l  PO d i f f r a c t i o n  i s  impl ied from the --. known aperture d i s t r i b u t i o n  
synthesized). Actual ly,  f o r  near- in angles ( the  f i r s t  few sidelobes w i t h  the  
feed on focus), the  AFPO can be expected t o  be essen t i a l l y  as accurate as any 
PO analysis. The subref lector  GO analysis i n  the  1 i t  region (capture area o f  
t he  main r e f l e c t o r )  i s  the  p r i nc ipa l  pa r t  o f  any GTD analys is  f o r  a la rge  
subref lector.  !ience, the  GO/AFPO synthesis-analysis s h o ~ l  d y i e l d  reasonably 
accurate (P-Pol a t  the  leas t )  r e s u l t s  as compared t o  GTD/PO. 
I n  most ( i f  not a l l )  previous tes ts  d f  GTD versus PO, there were few essent ial  
d i f ferences found. However, a study o f  the  l i t e r a t u r e  shows t h a t  previous 
t e s t  cases have divergences o f  the  f i e l d  scattered from the  subref lector  o f  
= '50 degrees as compared t o  many o f  our resul ts ,  fo r  example Fig. 6- l(h),  
w i t h  an angular sca t te r ing  divergence o f  '7.5 degrees o r  15 degrees to ta l .  
The r e s u l t  i s  t ha t  c e r t a i n  GO synthesized r e f l e c t o r  systems ( v i r t u a l  l y  a l l  are 
GO synthesized i ncludi ng paraboloids, paraboloid/hyperbol oids, and 
parabolo id/e l l  ipsoids) w i l l  y i e l d  good t o  excel l e n t  resu l t s  under a GTD/PO 
d i f f r a c t i o n  analysis but may f a i l  under a PO/PO analysis. The conclusion i s  
enormously important. A GTD/PO dual re f1  ector  analysis - rnust be checked 
by a PO/PO analysis whenever ' suspect' geometries are invo l  ved. 
Hence, f u l l  advsntage o f  the  cofiputational speed o f  GTD [nay not always be 
possible. A fast-PO (FPO) subref 1 ector  sca t te r ing  program becomes very 
desi rable and i s  being studied a t  ieveral locations. 
The resu l t s  f o r  two cases, Fig. B- l (d)  p r i nc ipa l  and X-verse cut and 0 - l ( f )  
p r i nc ipa l  cut are shown i n  Fig. 8-2. 
The resu l t s  i n  Fig. 8-2 i nd i ca te  that,  i n  general, s l i g h t l y  higher than 
-30 db sidelobes are found. However, on one s ide o f  the  patterns, the resu l t s  
are not only worse i n  sidelobe leve l ,  but erosion o f  the n u l l s  i nd i ca te  a la rge  
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Figure B-1. P r o f i l e s  o f  Dual Shaped Ref lectors i n  Offset  Plane. 
Designed f o r  -30 dB Sidelobes and ( 1  Beam) -, ( 1  Feed) 
Figure 8-2. PC/PO D i f f r a c t i o n  Patterns o f  Two Geometries 
aperture phase error. This i s  the primary reason f o r  s t a t i n g  tha t  the PO/PO 
analysis may g ive  very d i f f e r e n t  r e s u l t s  than the  GO/AFPO ( o r  GTD/PO probably 
woul d) . 
It would be very good indeed i f  these resu l t s  could be a t t r i b u t e d  t o  e r ro rs  
i n  t he  PO/PO software o r  t h e  ' i n te rp re ta t i on '  o f  the synthesis GO/AFPO resul ts .  
Some extraordinary new designs would then be immediately ava i lab le  f o r  
m u l t i p l e  beams. 
Icdependent o f  where any er rors  may ex is t ,  i n  GO o r  GTD o r  i n  the PO software, 
t he  p r e l  iminary resu l t s  are encouraging. Re1 axat i  on o f  the self-imposed 
requirements (e.g., compactness, etc.) o r  over-design f o r  -30 dB sic. .,< 
could y i e l d  excel lent  resu l t s  i n  the  future. Further work i s  expf - ed 
es tab l ish  a dua l - re f lec tor  design tha t  w i l l  meet the MSAT require~~ic., 
w i t h  a very simpie feed and BFN. 
APPENDIX C 
DUAL POLARIZATION 
I n  a  ntul t i p l e  beam system, such as LMSS, the goal i s  t o  use the avai lable 
frequency spectrum as e f f i c i e n t l y  as possible, given a  constraint  tha t  a  
cer ta in  interbeam iso la t ion  leve l  {nust be achieved. For the LWSS, the 
required beam ise la t ion  leve l  necessitates tha t  the conputed C / I  leve l  ufider 
ideal ized conditions be equal o r  higher than 27 cU3 (see k c t i a n  3.5.1). This 
means t ha t  the received ca r r i e r  Sn the footpr in t  o f  any reference beam should 
be a t  l eas t  27 dS higher than the aggregate power of the in te r fe r ing  ca r r ie rs  
from a1 1 other cochannel beam. 
I n  order t o  achieve t h i s  beam isolat ion,  the base1 ine design which i s  presented 
i n  the main body o f  t h i s  docment opts f o r  a  7-frequency reuse plan as demon- 
strated i n  Fig. 3-13. I n  t h i s  plan, ~ n l y  one node o f  polar izat ion i s  used and 
therefore the degree o f  d i ve rs i t y  provided i s  seven. I n  t h i s  appendix, the 
poss ib i l i t y  o f  using a  4-frequency and 2-polar izat ion rease plan, ( i  .e., 
4 x 2 = 8 d ivers i ty ) ,  w i l l  be investigated. Figure C-1 depicts the a l locat ion 
o f  &frequency bands and 2-polarizat ion senses ( r i g h t  and l e f t  c i r cu la r  po lar f -  
zat ionl  amottg the 87 beams. The numbers inside the parentheses indicate the 
fr-equency sub-tands and the arrows show the r i g h t  o r  l e f t  c i r cu l a r  polariza- 
tions. 
I n  cofinection with t h l s  frequency plan, three topics w i l l  be investigated i n  
t h i s  Appendix. Section C . l  discusses the system implicat ions o f  using a  dual 
polar izat ion srheme. Section C.2 determines the level  o f  cross-pol a r i  zat ion 
required t o  insure the desired 27 dB beam isolat ion.  Final ly ,  Section C.3 
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addresses whether or  not the determined level  of cross-p~lar izat ion i s  
achievable wfth the microstrip feed arrays used i n  the baseline design. 
C.l SYSTEM IWLICATION 
Under the frequency reuse plan o f  Fig. C-1 , each beam w i l l  be a1 located 1/4 o f  
the t o ta l  avai lable 10 MHz band o r  2.5 MHz. With a 15 KHz channel bandwidth, 
the same as the base1 ine design, each beam w i l l  provide 166 channels, an 
increase o f  approximately 75 percent r e l a t i ve  t o  the 95 channel s/beam o f  the 
base1 ine design. Accordingly, the t o ta l  channel s i n  the system w i  11 increase 
from 8,265 t o  14,442, and the user capacity o f  the system w i l l  increase from 
270,000 t o  nearly 475,000. 
However, the increase i n  the t o ta l  avai lable channel s w i l l  necessitate an 
increased power on HSAT. With the same 0.24 W-per-UHF channel as the baseline, 
the t o ta l  RF power requirement increases from 2 kif t o  approximately 3.5 kW and 
the beginning-of- l i fe primary power w i l l  increase from 10 kW t o  about 16 kW. 
The addit ional reoarired power w i l l  p r imar i ly  increase the weight o f  three sub- 
systems; power, thermal, and RF. The power subsystem weight w i l l  increase due 
t o  solar arrays and batteries; the weight o f  the thermal subsystein w i l l  
increase beceuse the UHF feed radiators rwst  now dissipate 3.5 rather than 2 kW 
o f  waste heat; the RF subsystem weight h i l l  increase because the number o f  the 
power ampl i f iers must be increased. This i s  fur ther  elaborated wi th  the 
example i n  the next paragraph. 
Consider Fig. C-2 which i s  the same as Fig. 3-16 and i s  repeated here f o r  
convenience. Feed element 17, which i s  the center element i n  a 7-element 
c lus ter  f o n i n g  beam 17, i s  a1 so an aux i l i a ry  element i n  s i x  other c lusters 
forming beams 11, 12, 15, 18, 21, and 22. However, from Fig. C-1 i t  i s  
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CLUSTE2 FOR 
Figure C-2. Cluster o f  Seven Elements t o  Form Beam 17 
noted tha t  beams 11, 16, and 22 are right-hand c i rcu la r  beams whi le beams 12, 
17, 18 and 2: are left-hand c i r cu la r  beams. Figure C-3 schematically shows 
how t h i s  feed element nust be excited. F i rs t ,  signals intended for each o f  
the seven beams t o  which element 17 contributes, pass through 7-way p w e r  
dividers. Then, as shown i n  Fig. C-3, the signals f o r  the three beans which 
use right-hand c i rcu la r  polar izat ion are combined and pass through the : i ts+  
power ampli f ier,  whi le the signals f o r  the other four beams which use l e f t -  
hand c i r cu la r  polar izat ion are combined and pass through t o  a second p w e r  
amp1 i f i e r .  The output o f  these two power ampl i f i e r s  then pas; through a hyorid 
junction, whereby they are properly divided, phased, and combined i n  order t o  
produce two components f o r  c i r cu l a r  polarizat ion. To surmarize, then, the 
system requires 268 high-power amp1 i f i e r s ,  two-per-each of the 134 feed 
elements. This i s  twice as many power ampl i f iers as tha t  required f o r  the 
base1 ine design. The maximum operating power f o r  the largest  o f  these power 
ampl i f iers i s  roughly 35 W as opposed t o  23 W f o r  the base: ine design. Further 
study i s  required t o  seek an a1 ternative scheme which could po ten t ia l l y  redcce 
the number o f  requi red power ampl i fiers.  
F i g u r ~  6 - 3 .  Sc-,hmratic of thc Bean Forming Network for Feed Element 17 
1 1 -  
12 - 
LIZ-- 
- 13 I TO - W A  
1 - !7  
1 I 
18 - TO - 18 - 
7 - I9 
- 22 
223 
16 
17 
20 
L ;7--- i" -d 
22 - -- - 
# y -  -> --,- - 
i r27-- t""-  
I : r - -  
t-- 
ILW rolls 
I 
I - T O -  
7 
- 
- 
 
- 
7 
- 
1 
1 0  
7 
2 
- 
- 7 
-10 
- 1 1  
-12 
- 16 
17 
- 
1 
TO 
7 
- 2 
- 5 
- 1 1  
- 12 
-I3 
CROSS-POLARIZATION RF REQUIREMENTS 
I n  t h i s  subsection, representat ive numerical resu l t s  w i  11 be presented t o  
demonstrate the acceptable l eve l  o f  feed cross-polar izat ion needed t o  sa t i s f y  
the  C/I requirement. Since t y p i c a l l y  the  outer  beams e x h i b i t  the worst C/1 
performance, the  a t ten t i on  here w i  11 be focused on b e m  71 (an outer  bem)  as 
a reference beam, shown as a g r i d  i n  Fig. C1, and the in ter ference due t o  a l l  
o ther  cochannel beams w i l l  be canputed. As i s  evident from Fig. C-1, the 
highest l eve l  O F  in ter ference i s  due t o  two sets o f  cochannel and copolariza- 
t i o n  beams (50, 60, 79, 83, 64) shown as cross-hatched i n  Fig. C-1, and co- 
channel and cross-p31arization beams (62, 81, 73) shown as dot ted i n  Fig. p-1. 
A proper estimate o f  the C/I l e v e l s  cannot be made without an appropriate 
approximation f o r  the feed patterns. Figure C-4 shows an approximation f o r  
both the cop01 a r i za t i on  and cross-pol a r i z a t i o n  pat terns o f  a c i r c u l  a r l y  
polar ized feed ( o r  c l u s t e r  o f  feeds) which i l luminates  the r e f l e c t o r  t o  produce 
a beam. These patterns are used i n  connection w i t h  the steps described i n  
Fig. E-10 o f  Appendix E t 9  compute the  C/I performance. The leve l  o f  the cross- 
po la r i za t i on  pa t te rn  o f  Fig. C-4 i s  var ied i n  order t o  examine what i s  the naxi- 
mun l eve l  o f  cross-polar izat ion, which w i l l  a lso s a t i s f y  the  27 dB C/I reqt i i re- 
ment. 
As the f i r s t  example, a l eve l  f f  -25 dB i s  chosen f o r  the cross-polar izat ion 
pa t te rn  o f  Fig. C-4. The f a r - f i e l d  patterns o f  the r e f l e c t o r  f o r  the feed 
a t  the focal po in t  are shown i n  Fig. C-5. These patterns become somewhat 
degraded f o r  the feeds away from the focal point.  Using beam 71 as the 
reference beam and other cachannel beams as the i n t e r f e r i n g  beams, the 
i s o l a t i o n  contours are computed i n  the f ~ o t p r i n t  o f  beam 71 and are shown i n  
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Figure  C-4. An Idea l  i zed Cop01 a r  and Cross-Pol a r  P a t t e r n  Representat ion o f  a 
C i r c u l a r l y - P o l a r i z e d  Feed I l l u m i n a t i n g  the  Basel ine Antenna Con f i gu ra t i on  
( A  Level o f  -20 dB Cross-Po la r i za t ion  i s  Assumed i n  T h i s  F igu re  and i s  
Var ied f o r  Numerical S imu la t ion)  
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Figure C-5. Copolar (LCP) and Cross-Polar (RCP) Pat terns o f  the  Basel ine 
Antenna I l l u m i n a t e d  With a  Feed a t  I t s  Focal Po in t  and Wi th  
t he  ! l l l ; c i na t i on  Pa t te rn  o f  F i g ~ r e  C-4 M i t t -  -25 dB Cross- 
Pol 2;- i za t i on  Level 
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Figure C-6. Contour P lo t s  o f  I / C  a t  the F o o t p r i n t  o f  Beam 71. I n t e r f e rence  
i s  Due t o  Both t he  Copolar and Cross-Polar Components (Feed 
Pa t t e rn  With -25 dB Cross-Pol a r i z a t i o n  Level ) 
Fig. C-6. It i s  c l e a r l y  observed t h a t  t h e  des i red l e v e l  o f  C / I ,  i .e., 27 dB, 
i s  not  achieved. Not ice t h a t  t he  h ighest  l e v e l  o f  i n t e r f e ~ e n c e  i s  due t o  t he  
cochannel and copol a r i z a t i o n  beams. This  i s  r e a d i l y  observed by comparing 
Fig. C-6 w i t h  t h e  r e s u l t s  s f  Fig. C-7, which o n l y  demonstrates t h e  i n t e r -  
ference between cochannel and copol a r i z a t i o n  beams. 
Next, t h e  l e v e l  o f  t he  feed c ross-po la r i za t ian  pa t t e rn  i n  Fig. C-4 i s  reduced 
t o  -30 dB. The r e f l e c t o r ' s  i s o l a t i o n  contour  p l o t s  a re  determined and shown 
i n  Fig. C-8. It i s  observed t h a t  f o r  t h i s  case, a  C / I  l e v e l  o f  25 dB i s  
p r a c t i c a l l y  s a t i s f i e d  i n  the  f o o t p r i n t  o f  t h e  reference beam which, o f  course, 
i b  s t i l l  no t  acceptable. F i n a l l y ,  t h e  l e v e l  o f  feed c ross-po la r i za t ion  i s  
f u r t h e r  reduced t o  -35 dB and s i m i l a r  computations a re  made w i t h  r e s u l t s  as 
shown i n  Fig. C-9. It i s  c l e d r l y  observed t h a t  even i n  t h i s  case, t he  des i red 
C / I  requirements a re  no t  achieved everywhere w i  t h i  ( I  t he  f o o t p r i n t .  However, 
a  C / I  l e v e l  o f  26 dB i s  p r a c t i c a l l y  s a t i r f i e d .  The c ross-po la r i za t ion  l e v e l  
was no t  reduced any f u r t h e r  because o f  t h e  p r a c t i c a l  implementational con- 
s iderat ions.  
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Figure C-7. Contour Plots ~f I/C at the Footpriat o f  Beam 71. Interference 
ii Due to Only the Copolar Components 
cigure C-8. Contour Plots of I/C at the Footprint of Peam 7 1 .  Interference 
is Due tc Both the Copolar and Cross-"?lar Components (Feed 
Pattern hi t h  -30 dB Cross-Polarization Level ) 
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Figure C-9. Contour Plots of I/C at the Footprint of Beam 71. Int-erference 
is Due to Both the Copolar and Cross-Polar Components (Feed 
Pattern With -35 dB Cross-Polarizatinn Level ) 
FEED REALIZATION 
To sumnarize the theore t ica l  and numerical f ind ings  o f  t h i s  Appendix, i t  can 
be concluded t h a t  i n  order t o  achieve the  l e v e l  o f  C/! = 27 dB w i t h  the  
4-frequency 2nd 2-pol a r i z a t i o n  reuse plan, the  feed cross-pol a r i z a t i o n  l eve l  
must be i n  the  range o f  -35 dB o r  more- The chal lenging question i s ,  what k ind 
a f  rea l  i zah ie  feed would g ive  t h i s  cross-pol a r i z a t i o n  leve l?  Typical ly ,  t he  
s ing le  element feeds produce a ra the r  h igh  leve: o f  c ross-po lar iza t ion  (-20 t o  
-25 dB). However, when thesd feed elements are used i n  an array esv i roment ,  
they can r e s u l t  i r i  a  lower cross-polar izat ion level .  This i 5  due, i n  l a rge  
measure, t o  the f a c t  t h a t  the Typical cross-polar izat ion pat terns have h u l l s  
a t  t h e i r  boresights and the  z r ray  f z c t o r  can reduce the leve?s o f  t h e i r  peaks 
which occrir i n  the off-Soresight d i rect ions.  This i s  an inpor tan t  observation 
as f a r  as the  LMSS i s  co zerned, since i t  has beer shown t h a t  a c l u s t e r  c f  
seven elements i s  needed t o  produce thc  des'red c ~ p o l a r i z a t i o n  f w d  psttern. 
It i s  he1 ieved t h a t  the coficept appears t o  be fundameatal l y  appl icable t o  the 
LMSS sys{.em. However, more de ta i l ed  t h e ~ r e t i c a l  an i  experimentel studies are 
required t o  c lear1 y decronstratc the overa l l  feed array antenna cross-pol a r i  za- 
t i o n  perfonnance. I n  p a r t i c u l  ar, ii the a i c r o s t r i p  feed elements are used, an 
In-depth experimental v e r i f i c a t i w  would he needed t o  demonstrate t h e i r  crcss- 
po la r i za t i on  c3aractet-i s t i c s  i n  a c i r c u l a r  po la r i za t i on  mode. Recent expel-i- 
mectal studies have shown tha t  w i th  an array c f  m i c r o s t r i ~  p a t c h s ,  a cross- 
po la r i zz t i on  l eve l  can be achievzd i n  the range of  -32 dB i n  a linear polar iza-  
t 'on mode; however, not b e t t e r  than a -28 dB has been nieasured in the ~ i r c u ?  a r
po la r i za t i on  mode. 
APPENDIX 0 
I NTERMODULATION ANALYSIS 
The LWSS i s  inherent ly a Single Channel-Per-Carrier (SCPC) telecomnunication 
system. As such, hundreds o f  car r iers  w i l l  be routed through camon nonlinear 
sate1 1 i t e  amp1 i f i e r s  causing intermodul a t ion d is tor t ion.  While development 
of nearly l i nea r  and e f f i c i e n t  high-power ampli f iers i s  essential t o  LMSS t o  
reduce t h i s  d istor t ion,  some degree o f  intermodbl a t ion i s  unavoidable. The 
purpose o f  t h i s  appendix i s  t o  present resu l ts  o f  an intermodulation analysis 
study perfonned a t  JPL f o r  the LMSS. 
FCany systems [ I -71 f o r  domestic te lecmun ica t ions  v ia  sate1 1 i t e  have i n  the 
past and are cur rect ly  being designed using mu l t i ca r r ie r  operation such as 
SCPC rather than the more conventional s ingle-carr ier  techniques such as 
Frequency Div is ion Mu1 t i  plexing (FDM) and Time Div is ion Mu: t i  plexing (TOM). 
One o f  the d r i v ing  factors tha t  influences t h i s  choice i s  the power saving 
produced i n  the s a t e l l i t e  by the use o i  voice act ivated carr iers,  a technique 
which i s  only fieaningful i n  a mu1 t i c a r r i e r  system such as SCPC. A1 ong wi th  
t h i s  strong advantage, however, comes the po ten t ia l l y  serious disadvantage o f  
i ntenodul  a t ion d i  stort ion. Indeed, an evaluation o f  the Carrier- to-Intermoh- 
l a t i o n  (C/IM) r a t i o  f o r  each channel i s  an essential element i n  the design o f  
such systems f o r  optimum a t i l i z a t i o n  o f  s a t e l l i t e  power and bandwidth. To 
evaluate t h i s  ra t io ,  channel d i s t r i bu t i on  wi th in  the power ampl i f ier  bandwidth 
must be known. 
Channel D i s t r i b u t i o n  For  L:1SS 
As reported ea r l  i e r  i n  t h i s  document, a s t r ingent  i nterbean i s o l a t i o n  require- 
ment f o r  the  LMSS necessitates RF r a d i a t i o n  patterns w i th  low sidelobes. A 
technique fcr. ;;-rducing low sidelobe RF pat te rns  w i t h  antennas which produce 
contiguous m u l t i p l e  beams i s  t h a t  o f  overlapping c l u s t e r  feed elements. U i t h  
t h i s  technique a c l u s t e r  o f  feed elements produces the  r a d i a t i o n  f o r  a s ing le  
beam w i t h  the adjacent beams sharing some o f  t he  rad ia t i ng  elements. Because 
o f  t h i s  sharing o f  feeds among several beams, the  complete se t  o f  channels 
supplied t o  a given feed element w i l l  not a l l  conta in the  sane power as f u r t h e r  
elaborated bei ow. 
Consider Fig. D-1 which shows a po r t i on  o f  the feed array 1 ayout f o r  MSAT. 
(Each c i r c l e  corresponds t c  m e  feed element.) We use feed element 17 as an 
example t o  describe the  operstion. Feed element 17 serves as the  cente- 
element f o r  a 7 -e lment  c i u s t e r  ( t he  s o l i d  c i r c l e )  which produces the RF 
r a d i a t i z  f o r  beam 17 i n  an 87-bean layout. To exc i te  t h i s  c lus te r ,  the power 
o f  a l l  channels destined f o r  beam 17 i s  d iv ided seven ways, each feeding one 
o f  t~le  seven elements i q  the c lus ter .  Typical ly ,  the  center e lment ,  i.e., 
2lement 17, may receive 76 percent o f  the t o t a l  power w i th  tne  other s i x  
a u x i l i a r y  elements, i.e., elements 11, 12, 16, 18, 21, and 22, rece iv ing  four  
percent o f  the poker each. 
Compl i c a t i n g  the matter i s  the f a c t  t h a t  feed element 17, i n  add i t ion  t o  
serving as the center element i n  one c lus ter ,  a lso serves as a3 a u x i l i a r y  
element i n  s i x  other c lus ters  (two o f  which are shown as das!,ed c i r c l e s  i n  
Fig. D-1)  f o r  the s i x  adjacent beams. I n  a l l ,  element 17 contr ibutes 
CLUSTER FOR 
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Figure  D-1. A Por t ion  o f  the  MSAT Feed Array I 1  l u s t r a t i n g  the Overlapping 
7-El ement C lus te r  Feed Concept 
t o  RF r a d i a t i o n  f o r  the seven hems 11, 12, 16, 17, 18, 21, and 22 (see 
Fig. 3-2 f o r  t he  87-beam layout).  
I n  the  base1 Sne LHSS design presented !n che main body o f  t h i s  document, there  
are 95 SCPC channels f o r  each o f  t h e  87 m u l t i p l e  beams. I n  view o f  the  above 
discussion then, t h i s  impl ies t h a t  7 x 95 = 665 channels w i l l  be routed, f o r  
example, through the  power amp l i f i e r  which feeds element 17. However, not a l l  
o f  these channels have u n i f o m  power levels.  The channels belonging t o  beam 17 
( f o r  which element 17 serves as the  center o f  the  c lus te r )  are present a t  some 
high-power l eve l  PH, wh i le  the remaining s i x  sets o f  95 channels belonging t o  
the  adjacent beams ( f o r  which element 17 i s  an a u x i l i a r y  element) are present 
a t  some loher  power l eve l  PL where the r a t i o  o f  PH t o  PL may t y p c c a l l y  be 
about 20. 
I n  the past, analyses [8-141 o f  the e f f e c t s  o f  intermodulat ion noise on the 
performance of SCPC systems have focused on computing the  number o f  t h i r d  
crder intermodulat ion products t h a t  fa1 1 on a given c a r r i e r  and the t o t a l  noise 
power i n  these products. I m p l i c i t l y  assumed i n  most o f  these inves t iga t ions  
[8-121, i s  a uniform power d i s t r i b u t i o n  o f  equal ly  spaced channels across the 
avai lab le transmitted bandwidth, i.e., each chmnel when act ivated contains 
i den t i ca l  power t o  every other  channel when activated, and a lso the a c t i v i t y  
factor  i s  the same f o r  a l l  channels. Although Horstein and LaFlame [ 1 3 j  also 
s t a r t  out by considering a s ing le -car r ie r - leve l  system, t h e i r  primary c o n t r i -  
bu t ion  l i e s  i n  the extension o f  the previous analyses t o  the computation of 
C / I M  r a t i o s  f o r  a p a r t i c u l a r  t w o - ~ a r r i e r ~ l e v e l  system i n  which the l a rge  and 
smzll power 1 eve1 c a r r i e r s  a1 ternate i n  frequency. 
Unfortunately, t h e  r e s u l t s  o f  intermodul a t i o n  analys is  f o r  nonuniform power 
SCPC channels i s  very much dependent on the  d i s t r i b u t i o n  o f  these channels 
across the  HPA bandwidth. The basel ine LMSS design uses a 7-frequency reuse 
plan where the  t o t a l  ava i lab le  bandwidth i s  d iv ided i n t o  seven sub-bands, w i th  
t h e  seven sub-bands being reused among the  87 beams. Therefore, us ing beam 17 
as an example again, the  seven sets o f  95 channels routed through the  HPA 
which feeds element 17 can be shown i n  the  frequency domain as depicted i n  
Fig. D-2. Figure D-3 represents an a1 te rna t i ve  frequency assignment where 
the  channels f o r  t he  seven beams are interleaved. Each o f  these two schemes 
has i t s  own advantages and disadvantages which w i l l  be discussed shor t ly .  
I n  view o f  t he  above discussion, there  appears t o  be a need f o r  general iz ing 
the  intermodulat ion noise r e s u l t s  developed prev iously  t o  a set o f  r e s u l t s  
su i t ab le  f o r  performing C/IH ca lcu la t ions  i n  mu1 ti p l  e beam antenna systems 
w i t h  overlapping c l u s t e r  feeds where the  nonuniform power d i s t r i b u t i o n  i s ,  i n  
general, more canpl i ca ted  than a simple a1 te rna t i on  o f  high- and low-power 
c a r r i e r  channels. To keep matters r e l a t i v e l y  zimple, we sha l l ,  as was done 
i n  [13], r e s t r i c t  ourselves t o  only  a 2-power l eve l  d i s t r i b u t i o n  o f  uni formly 
spaced channels. Even i n  t h i s  simple case, matters are much more complex than 
-in the uniform power o r  a l t e rna t i ng  2-power SCPC systems. One con t r i bu t i ng  
f a c t o r  t o  t h i s  addi t ional  complexity i s  t ha t  the geonetry o f  the  channels, 
i ?. , the loca t ions  i n  the spectrum of those channels ~t h i?h  power r e l a t i v e  
t o  those a t  tow power, has a st rot , j  in f luence on the f i n a l  resu l ts .  Thus, the 
p o s s i b i l i t i e s  o f  best-case and worst-case geoaetries must now be considered i n  
t e ~ , s  o f  protiucing, respect ively,  l e ~ s t  2nd most C / I M  degradation T c : -  3 given 
r a t i o  o f  hig, t o  towe--power levels.  
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D.2 The Ana lys is  Resu l t s  
As mentioned i n  t h e  in t roduc t ion ,  i ntermodul a t i o n  no ise i s  generated because 
o f  a m p l i f i c a t i o n  o f  a number o f  c a r r i e r s  througi i  a c m o n  non l inear  device, 
e.g. ; t h e  s a t e l l  i t e  TWT. Previous invest9gat ions 18-121 o f  t h e  intermodul a t i o n  
noise produced i n  systems t r a n s m i t t i n g  equal amplitude, equa l l y  spaced FM 
c a r r i e r s ,  have assumed t h a t  t h e  e f f e c t s  of t h i r a -o rde r  ( f l + f z - f 3 )  t ype  products 
a re  dominant bo th  i n  n m b e r  and magnitude, and thus  i t  i s  s u f f i c i e n t  t o  con- 
s i d e r  on l y  these products f o r  determin ing baseband s igna l - to -  intermodul a t i o n  
no ise r a t i o .  For t h i s  case r e l a t i o n s  can be der i ved  t h a t  express c a r r i e r - t o -  
i n t e r m o d ~ l a t i o n  power r a t i o  as a f u n c t i o n  o f  TWTA backo f f  (see Ref. [12]). 
F5r a more general case, i t  can be  show^ [I61 t h a t  t h e  r e l a t i o n  f o r  C/IM on t h e  
i t h  channel o f =  two power l e v e l  channel arrangements can be found and 
expressed as 
where (C/IM)~ represents the  ca r r ie r - to - in te rmodu l  a t i o n  power r a t i o  f o r  the  
un i form d i s t r i b u t i o n  o f  equal power c a r r i e r s  (such as repor ted i n  Ref. [12]) 
6nd r e l a t i v e  t o  t h i s  r a t i o  r i s  a degradat ion f a c t o r  which r e f l e c t s  t h e  
p a r t i c u l  a r  arranganent o f  t he  low- and high-power channel d i s t r i b u t i o n  c f  t he  
two -ca r r i e r  1 cve l  case under cons iderat ion.  
As an example., r was ca lcu la ted  f o r  the  two channel arrangements shown i n  
Fiss.  D-2 and b-3. 3s ing LMSS parameters, i t  can be shown t h a t ,  [16!, r i s  
-10 dB and -3.5 dB f o r  cases o f  Figs. 0-2 and 0-3 respec t i ve ly .  
Before concluding t h i  s  appendix two w i n t s  need f u r t k  :r e l  a b o r a t i o ~ .  
1. From the foregoing discussion, i t  i s  apparent t h a t  from the  i n t e r -  
modul a t  i o n  noi se poi nt-of-view, channel arrangement o f  F i  g. 0-3 i s preferable 
t o  t h a t  o f  Fig. 3-2. Studying block diagram o f  Fig. 3-21, however, po in ts  
out t h a t  t h i s  channel arrangement i s  not  p rac t i ca l  f o r  the basel ine LMSS 
where up t o  four  UHF beams are served by the  same base s t - t ion .  (Note t h a t  
such arrangement necessitates ind iv idua l  c h a n e l  f i l t e r i n g  on board MSAT i n  
order t o  demultiplex the  up l ink  S-band channels and route them t c  the  
appropriate UHF beams.) Thus f o r  MSAT, unless each LHF beam i s  c~nnected t o  a 
dedicated base s ta t i on  through an S-band beam ( o r  unless the backhaul has 
ava i lab le  two 70 MHz bands, one each f o r  up1 ink and down! ink) ,  then a c h a n n ~ l  
d i s t r i b u t i o n  s im i l a r  t o  Fig. D-2 rnl~st be selected. 
2. The r e s u l t s  derived i n  [16] and reported above correspond t o  C / I M  on 
board the MSAT a t  TWTA. From the  system point-of-view, the  equivalent C/IM 
must be derived a t  the base s ta t i op  ( o r  mobile) receivers. I n  ca l cu la t i ng  
such C / I M  one should remember the fol lowing. 
The rad ia t i on  o f  seven UHF feeds on MSAT w i  11 ddd coherent ly i n  the f a r -  
f i e l d  t o  reproduce the signals f o r  any UHF beams. Howevcr, the intermodulat ion 
noise produced i n  the seven HPAs connected t o  these seven feeds w i l i  add 
incoherent ly i n  the f a r - f i e l d ,  thus e f f e c t i v e l y  increasing the  C,'IM r a t i o .  
More work remains t o  completely character izc t';e inte;modul a t i on  no: se ai:d 
the  r e s u l t i n g  C / I M  f o r  MSAT. 
REFERENCES 
[i] Goldf n, L. S. ,  "S ing le  Channel per C a r r i e r  Transmissien f o r  
Satel  1 i t e  Communication," NTC-75, December 1-3, Conference Record, 
Vol. 2, pp. 25-7 through 25-12. 
[2] Leonhar i  3 .  and B a i r i ,  A. " A  Domestic S a t e l t i t e  Co rnm ica t i ons  S:.;tem 
f o r  Algeria," I C C  75, June 16-18, Conference gecord, Vol. 1, p p .  12-23 
throuqh 12-27. 
[3] Evan=, B. G., "Sate1 1 ite-Communicirtion System Ernplo.jSng S! ngle-Channel/ 
C a r r i e r  Frequency Modul at;on w i t h  Syl 1 ab ic  Companding," Proceedings o f  
t h e  IEEE, Vol . 122, No. 7, J u l y  1975, pp. 703-709. 
[41 Boudrau, P. M. and Davies, N. G., "Modulation and Speech Processing f o r  
S ing le  Channel per C a r r i e r  Sate1 1 i t e  Communications," Proceedings o f  t h e  
I n t e r n a t i o n a l  Comnunications Conference, 197:, pp. 19-9 through 19-15. 
[5] Weinberger, H. L. and Kanehira, E. M., "S ing le  Channel per C a r r i e r  
S c t e l l  i t e  Repeater Channel Capacity," IEEE Transact ions on Aeros?ace anti 
E l ec t r on i c  Systems, - Vol. AES-11, No. 5, September 1975, pp. 805-313. 
161 Werth, A. M., "SPADE: A PCM FDMA Dematld Assignment System f o r  S a t e l l i t e  
Communications," Proceedings o f  t h e  INTELSAT/IEE I n te r t i a t i ona l  Conferecce 
on D i g i t a l  S a t e l l i t e  CommtJnications, London, England, November 1969. 
C71 Chakroborty, D., " INTELSAT I V  Sate1 1 i t e  System (Voice) Channel Capaci ty 
versus Ear th -S ta t ion  Performance," IEEE Transact ions - on Cocmunications -- 
Technolcw, Vol. COM-19, No. 3, June 1971, pp. 355-362. 
[8) Westcott, R. J., " I n v e s t i g a t i o n  o f  M u l t i p l e  FM/FDM Car r i e r s  Through?  
S a t e l l i t e  TW'T Operat ing Near t o  Saturat ion,"  Proceedings O F  t h e  I E E ,  
Vol. 114, No. 6 ,  June 1967, pp. 726-740. 
[9] McClure, R. B., "A.nalysis o f  In te rmodu la t ion  D i s t o r t i o n  i n  an FDMA 
Sate1 1 i t e  Cornmunica!;io?s Systern w i t h  a Bandwidth Cons k r a i n t  ," !n 
Conference Record, 1970, IEEE I c t ,  Conf. Communications, pp. P-?? 
through 8-36. 
[ l o ]  Shimbo, O., " E f f e c t s  o f  Interrnodbl a t ion ,  AN-Pt4 Conversion, and Add i t i ve  
Noise i n  M u l t i c a r r i e r  TWT System," Proceedings o f  t h e  !EEE,  Vo1. 59, 
No. 2, February 1971, pp.  230-238. 
E l l 3  Fuerrzalidd, J., Shirnbo, 0. and Cook, W., "Time-domain Artalysis c f  I n t e r -  
n lodulat ion E f fec ts  Caused by Nonl inear  Ampl i f ie rs , "  -- COMSAT Technical 
Rsview, Vol. 3, No. 1, S p r i r ~  1373, p p .  89-141. 
[ I 2 1  Yossefzadeh, E, , "Sate1 1 i t e  dnd Ground S t a t i o n  Intermodul a t i o n  i n  S ing le  
C7a.icel per C a r r i e r  Systenls," Cornmunicatioil Sate1 1 i t e  PI anning Center 
Technical Repart No. 7, Stanford E lec t r on i cs  Labordtor ies ,  Stanford, 
Cali:., Jane 1076. 
1131 hrs te in ,  H. and LaFlane, 0. T., 'Intermodulation Spectra fo r  Two SCPC 
System,' ;EEE Transactions on Camunications. Vol. COM-25, No. 9, 
September 7977, pp. 990-994. 
[I43 Hotstein, H., and LaFl me, 0. T., 'Hul t i l e v e l  SCPC System Design,' Inter-  
national Teiemetering Ccnfemnce Proceedings, Los Angeles, CA, 1978, 
pp. 1-7. 
[I53 Ohm, E. A.. 'hl tifixed-Beam Sate l l i te  Antenna with Fu l l  Area Coverage 
jnd a Rain-Tolerant Polarization Di stributian," IEEE Transactions OF 
Antennas 2-3 Propaga:ion, November 1981, pp. 937-943. 
f d 5 3  Simon, n. K., 'WS I n t e d u l a t i o n  Analysis,' January 1982, JPL Publica- 
t ion  (forthconing). 
APPENOIX E 
MILTIPLE REAN OFFSET AWTEttNA 
DESIGN PWOCESSES 
The descr ipt ions o f  both RF desiqn steps and per  ' o w n c e  evaluat ion nrocesses 
o f  m u l t i p l e  beam of fset  parabol ic  r e f l e c t o r s  a re  the  top i cs  o f  t h i s  boend ix .  
Attempts are  nade t o  present the  qeneral methodoloqy w i t h  a demonstration of  
the  f i n a l  resul ts .  The in te res ted  reader i s  referred t o  [ l-111 for  in-depth 
nlathematical and nre.lerica1 discussions. The guidel ines i n  t h i s  Appendix have 
been used i n  an optimized fashion t o  achieve the  desiqn parameters r e z r t e d  i n  
orevious chaoters o f  t h i s  docurlent. 
Offset Ref lector Cametry 
- 
The qeonetry of an of fset  parabol ic  r e f l e c t o r  w i t h  aperture diameter D, parent 
#diameter np, focal lenqth F, and offset heiqht 11, i s  depicted I n  Fiq. E - 1 .  It 
i s  assunmi tha t  t h i s  r e f l e c t o r  i s  i l l uminated by feed e i m e n t s  located i n  i t s  
o ~ t i a a l  focal nlane w i th  E- and V-vatterns of t i i ~  t v w  corf%2. The oh j cc t i ve  
i s  t o  determine 11, h, and f for spec i f ied  multiple-heat1 s a t e l l i t e  antenna s y s t e i  
rcqui renents . 
A sc!imatic o f  the d ~ s i q n  steps i s  st~ovn i n  Fiq. E-2. In  t h i s  f iq i i re ,  the 
e l l i pses  t v c i c a l ~ y  r e f e r  t o  input  and outout infors.ration, tootanqles r e f e r  t o  
snne ava i lab le  fonnulas o r  qraphs (snqe are shown i n  t h i s  Apoendix) and tne 
three-cornered ( r ight-anql  en) rectanqles r ? f e r  t o  appropriate cocinuter p roqra~ i r  .
'i~niar:; descr ipt ions o f  t h t  c a ~ p u t e r  proqrans are ~ i v e n  i n  [ l l ] .  5 t a r t i n q  
w i th  the nnnher o f  beams, s a t e l l  i t e  loca t ion  and the desired coverave t)ounddrv, 
the map proqran can be used t o  estimate the hea~ ik id th  f o r  a cont iquous coverwr.. 

Figure  E-2 .  Steps for the I n i t i a l  RF Design o f  an Of fset  
Parabol ic Ref lector  With Contiguous Mu1 t i p l e  Beanis 
For example, for  a s a t e l l i t e  posit ioned i n  the geostat ionary o r b i t  a t  l l O o  W. 
longi tude w i th  CONUS as the  coverage area, the curves o f  Fig. E-3 are obtained 
for  the de teminat ion  of the beamwidth as a funct ion o f  the number of con t i -  
guous beas .  
Next, parameter -1 , def ined as a measure of  the feed i l l um ina t i on  taper a t  
the r e f l e c t o r  subtended angle as shown i n  Fig. E-4. Using t h i s  parameter and 
the  r e s u l t s  reported i n  15-11). the graphs shown i n  Figs. E-5, E-6, and E-7 
can be constructed. These graphs a l low an accurate f i r s t - t i m e  est imate t c  be 
made on the r e f l e c t o r ' s  performance as a funct ion of the i l l u m i n a t i o n  taper. 
For instance, using graphs E-3, E-4, and E-5, the r e f l e c t ~ r ' s  diameter O can 
be determined, i n  t e n s  of \ as a funct ion o f  the i l l um ina t i on  taper T, and 
the number o f  beams as shown i n  Fig. E-8. It i s  worthwhile t o  mention tha t  
fo r  il lumination tapers above -15 dB, the r e f l e c t o r ' s  f a r - f i e ld  pattet-ns are 
not  very sens i t i ve  t o  the actual feed pattern. However, for  i l l u m i n a t i o n  
tapers under -15 dB, the r e f l e c t o r ' s  patterns become ra ther  sens i t i ve  t o  the 
actual feed pattern. Therefore, the resu l t s  o f  t h i s  Appendix only  provide the 
pre l iminary design parameters and they should be optimized once the feed 
pat terns are selected. 
The o f f s e t  height h i s  estimated by t r i a l  and e r r o r  w i th  the ob jec t ive  of 
prov id ing a c lear  aperture fo r  the lowest o f f - a x i s  beam as far  as the upper t i p  
of  the feed assenhly i s  concerned. It can be shown tha t  the minimum o f f s e t  
height i s  obtained by l oca t  ;ng the upper t i p  o f  the Peed asse~nbly on the normal 
t o  the r e f l e c t o r  surface a t  the lower t i p  o f  the r e f l e c t o r .  As an i n i t i a l  
guess, i t  i s  a good choice t o  pick h i n  the range of 10-20 percent of  D. 
Referr ing t o  the f l o ~  diagram of  Fig. E-2, the next important choice t o  be 
observed i s  the pdrameter Flop .  This parameter predominately determines the 
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c h a r d c t e r i s t i c s  o f  the  o f f - a x i s  beans which i n  t u r n  c o n t r o l  t t ie C j I  r a t i o .  
?aserl on t h e  r e s u l t s  o f  [ l -111,  i t  has been found t h a t  i n  order  t c  achieve all 
acceptable s ide lohe perfomlance f o r  o f f - a x i s  benms u f  up t o  8 t o  15 hen:l~wirltt~s 
scanned, t h e  F/Dp r a t i o  must l i e  i n  t he  ranqe of  0.6 t o  1.5; o f  course, l a r ~ l r r  
F/np r a t i o s  clean lonqer  s t r uc tu res  which ruay be l l lechanical ly ur idesirdhle.  
This i s  a t r a d e o f f  t h a t  should be p e r f o n i ~ ~ t i  c a r e f u l l y .  
Feed Considerations 
So far ,  t h e  r e f l e c t o r ' s  qeometr ical  parameters have been deterlnivel l  based on 
some des i red RF requirements. From t h i s  in fo rmat ion ,  t he  I ~ s i r e d  f ~ ? e d  pdt.terr) 
;)erfomiances can be determined us ing t h e  steps i nd i ca ted  i n  t he  hot tnr l  p o r t i o n  
o f  Fiq. E-2. The next important quest ion i s  what t h e  r e a l i z a b l e  feet1 conf i i rura-  
t i o n  w i l l  be i n  order  t o  meet bo th  the  avaaable feed spacinc~s dncl separa t io r~s  
and prov ide t h e  des i red feed pat tern.  The stel)s f o r  a r r i v i n q  at. such a f c l d  
c o n f i q c ~ r a t i o n  are demonstrated i n  t he  f lowchart  o f  F i q .  E-Y .  Fro111 a p i ~ r e l y  
R F  v iewpoint ,  i t  i s  very advantaqe~us t o  use one feed element per he lm  (1alwlt.d 
a s  d s inq le  element desiqn i n  F iq .  E-9) .  However, experience has tevcn lec !  
t h a t  f o r  nos t  cont iquous ( r ~ u l t i p l e  beam riesiqns, t he  need f o r  ach iev in t l  low 
sir i t - lshes (h i qh  d i r e c t i v e  feeds),  w i t h  1  imi+ed spacinq bctwee,~ f w d  eleaneryts, 
rjr,?vents t he  ~ l s e  o f  the s i n g l e  element approach. Therefore, one r i l l s t  r t ? b g ) r t  
t o  tile second path  c f  F iq .  E-9 ( l abe led  as the complex feed des iqn) .  /~:1oriq 
d i  c ferent  p o s s i b i l i t i e s ,  t he  concept o f  an over lapp inq c l u s t e r  o f  feet1 elements 
f i n s  been found t o  be very a t t r a c t i v e .  I n  t h i s  concept, a c e n t r d l  feed e1e:ner)t 
i r eip loyed w i t h  a few ne iqhhor inq elerner~ts ( s i x  f o r  exariple) t o  prov ide a h i o ' ~  
d i r e c t i v e  feed pa t t e rn  t o  achieve a low s ide lobe hean. T h ~ s  process i s  con;inuc!l 
f o r  the next cen t ra l  feed element which shares sorne o f  the ele17ents o f  the f i r s t .  
!)earn, hence, the concept o f  the  over lapp inq c l u s t e r  o f  feed eleinerlts. To 
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Figure E-9. Steps for  Feed Real i z a t i o ?  
nctemine the a n o l i t d p  and phase o f  exc i ta t i on  c o e f f i c i e n t s  fo r  the  c lus te r  
Z 
elenentt ,  the qteps sham i n  the  lower portlorr o f  f i q .  E-9 are mgloved. I n  
t i ~ i ~  procedure, the cmputer oroqrans derc r ibe l  i n  Ill'] ate  uie4 i n  order t o  
r*valuate the  a c c e ~ t a h i l  t y  of t he  c l u s t e r  feed patterns, TClis f i n a l  1 v l e d ~ l s  
t o  the desiqn of  a hem f o m i n q  network (RFY) which can became verv c w p l e x  
f o r  a nu1 t i p l e  beam o v e r l 3 0 ~ i n g  c lus te r  system, 
S e ~ d t e l  dpr~l  i ca t ions  o f  the  flongrsphs show i n  Fiqs. E-2 ant1 f - Q  yrovidt t-e 
aemetc ical  parmeters of the  o f fse t  re f l ec to r  an4 i t s  fee4 conf iaura t  Ion. 
:hi; i n fomat ion  i s  used i n  a deta i led  RF study Co ca re fu l l v  a s s ~ s s  ,?ow .*PI] 
the svr ten o b i ~ c t i v e r ,  such as qain and C/:, are !wt, The steps o f  tQis ?F 
rtuctv are de;,icted i n  the f l n w r a p h  o f  Fiq. F-111. The cores o f  t b f r  studv are 
the tm  cmputer  vmclraas (vector  sca t t t  r i r rq  ansi i so ld t ion  proqra-7s) ,!eve1 aped 
!jv ?ahat -San i i  at JPL. As i l l u s t r a t e d  i t 1  Fici. E-111, fo r  a s~?l?ct(z+1 frequency 
31an. t h e  interheas i s o l ? t i o n s  (C,'I) dre ccr~pute4 i n  the footociot  of  ~ d c k  W d - 8  
t.1 l ' l r#-s?ic~dte whrther o r  not the ~:csire:t S / I  level i s  dchievpcl. If t!le \ v 5 t c * ?  
03leCtlveS are net ,  f%r. Iesiq'l shoula! he 4cieutahle an4 ready  f u r  experil-centdl 
v;l.r i frcati. jn 3y hredftbodr4inq. If t h e  svstem object ives are not sot is ti^.:, .)ne 
'r:.c;uencv rerrse ~l an and then r , ~ ~ a t  t h e  r3nt i r e  set o f  s te r~s  descr i nth.? a:* -we.  
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APPENDIX F 
El-ECTLSC PROPULS SON 
KLQT, w i t h  i t s  4,0@G kg beginning-of- l i fe weight, represents a very heavy 
spazecraft. Table 3-15 i n  Chapter 3 ind ica tes  t h a t  the feed array assembly 
and the propulsion subsystem account i o r  near ly  50 percent o f  the t o t a l  weight 
o f  HSAT. Options f o r  reducing the feed weight are discussed i n  Appendix 8, 
whi le  i n  t h i  s appendix an a1 te rnat ive  propulsion subsystem f o r  MSAT i s pre- 
sented which has a po ten t ia l  o f  reducing MSAT weight by more than 15 percent. 
As shown i n  Sections 3.13 and 3.14, the system mass o f  an e l e c t r o t h e m a l l y  
aupented hydrazine propulsion system (isp = 300 s) j u s t  f o r  stationkeeping 
can be a t  l e a s t  800 kg o r  about 20 percent o f  the MSAT beg inn ing-o f - l i fe  mass. 
Ninety percent o f  t h i s  mass i s  propellant. The same stationkeeping funct ion 
can t e  provided by a propulsion s y s t m  w i t h  a l a rge r  spec i f i c  impulse which 
w i l l  dramatical l y  reduce the propel 1 ant requirements. E l e c t r i c  propul sion 
systems are 3 c lear  option. I n  t h i s  ap?endix, the a p p l i c l b i l i t y  o f  e l e c t r i c  
propul sion t o  HSAT i s  discussed. 
Two types o f  e l e c t r i c  propulsion systems have flown o r  w i l l  soon f l y  on spdce- 
c ra f t .  An ion  engine a t t i t u d e  cantrol  th rus ter  w i l l  he flown on the NASAiAF 
P80-1 spacecraft i n  1983. A1 so, pul sed plasma a t t i t u d e  contro l  thrusters 
f lew on the LES6 and T I P 1  spacecraft and are being used a t  t h i s  time on the 
NAVY NOVA 1 spccecraft. E l e c t r i c  propulsion thrusters produce th rus t  a t  very 
la rge spec i f i c  impulses ( spec i f i c  impulse i s  a measure o f  t - t e  k i n e t i c  eneryy- 
per -un i t  mass o f  the exhaust products) compared t o  chemical thrusters. The 
enerqy-per-uni t mass ( I s p )  f o r  chemical thrusters i s  f i xed  by the type o f  
propel lant  used, whereas i n  e l ec t r i c  thrusters, the energy i s  supplied from 
an external source, e.g., the solar  array, and the propel 1 ant i s  accel era -ed 
by a force imposed on i t  by "external" mans. I n  order f o r  t h i s  "external" 
force t o  in te rac t  w i th  the propellant, the propel lant must be ionized, i.e., 
e l ec t r i ca l l y  conducting. 
I on  Enaine 
The ion  engine uses e lec t ros ta t ic  forces t o  accelerate an ionized propel lant. 
Conceptually, t h i s  i s  shown i n  Fig. F-1 (a). The propel lant i n  vapor form i s  
fed i n t o  the i on  thruster  where f t  i s  ionized by electron bombardment. The 
en t i r e  thruster  including the ionized propel lant i s  kept a t  a high e lec t r i c71  
p ~ t e n t i a l .  The propel lant ions d r i f t  out the open screen of the thruster  and 
are at t racted t o  the second screen which i s  kept a t  a moderdtely low potent ia l .  
The ions are accelerated out through the second screen where they are then 
neutral i zed (nade e lec t r i ca l  l y  neutra 1) by electrons. This neutral i zed ion 
bean i s  then the exhaust o f  the thruster and provides the thrust. The com- 
ponents o f  an a t t i t ude  control ion thruster  system are shown i n  Fig. F - l (  b). 
Pulsed Plasma 
The pul sed pl aola thruster (PPT) :Ises electro~nagnetic forces t a  accelerate 
a propellant. I n  the contemporary PPT, the propel lant i s  a so l i d  polymer 
that  foms one o r  more sides o f  the thrust  chamber, Fig. F-2(a). The PPT 
operates as f o l l  ws :  a r e l a t i ve l y  1 arge charged capacitor i s  placed across 
the thruster electrodes. A small spark plug puts a small amount o f  plasma 
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Figure F-1 ( a ) .  Electron Bombardment Ion Thruster Operation 
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Figure F-1 ( b )  . Ion Propul eion System Cotnpcnents 
i n  the discharge ( t h r u s t )  chmber which then causes the  main electrodes t o  
breakdown ( e l e c t r i c a l l y )  forming a la rge  cur ren t  and discharging the  capacitor.  
This current  ablates and vaporizes a ma1 1 po r t i on  o f  the sol i d  propel lant.  
An even smaller po r t i on  o f  the propel lant  vapor i s  ionized. The main discharyc 
current  t r a v e l s  between the electrodes i n  t h i s  small l aye r  of ion ized pro- 
pel lan t .  The l a rge  discharge cur ren t  'nduces a self-magnetic f i e l d  w i th  which 
the  current  i n t e r a c t s  t o  create a jxB electromagnetic force which accelerates 
some o f  the  vaporized propel lant  out o f  the  discharge chamber c rea t i ng  th rus t .  
This e n t i r s  process occurs i n  approximately 50 x s. The PPT i s an 
inherent ly  pulsed device. The components of a PPT propulsion system are shown 
i n  Fig. F-2(b). Charac ter is t i cs  o f  s tate-of - the-ar t  i o n  and PPT e l e c t r i c  pro- 
pul s ion systems are presented i n  Tab1 e F- 1. 
E l e c t r i c  Propulsion f o r  MSAT 
Using the cha rac te r i s t i cs  o f  these e l e c t r i c  propulsion systems, a p re l  h i n a r y  
estimate has been prepared o f  the  mass o f  propel lant  and th rus ters  for  the 
d t t i t u d e  cont ro l  and stationkeeping funct ions f o r  MSAT. The stated reguire- 
111ents were the 600 m/s stationkeeping f o r  . \V ,  and the d a i l y  monientun~ reqb i rc  
ments stated i n  Section 3.13.3. The pre l iminary look ind ica tes  t h a t  the 
e l e c t r i c  propul sion systeirls could also replace the large momentum wheel s  
nccessdry t o  counteract the solar  pressure, however, the f i n e  po in t i ng  wheels 
would be retained. Estimates o f  the system mass were made f o r  both the i o n  
and PPT s:";tems. The estimates show tha t  e i t h e r  e l e c t r i c  propulsion system 
can save a p p r o x i ~ a t e l y  18-20 percent o f  the i n i t i a l  4,000 kg MSAT mass. The 
sdvings cane predaninately from the stationkeeping propel lant  mass which i s  
reduced f ran near ly  700 kg t o  between 76 t o  90 kg, dependitlg on the choice o f  
e l ~ c t r i c  propulsion systen. 
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The reduct ion i n  stat ionkeeping prope l lan t  mass i s  a  d i r e c t  r e s u l t  o f  the 
la rge  s p e c i f i c  impulse o f  the e l e c t r i c  propulsion systems and cannot be 
challenged. However, o ther  por t ions o f  the estimate, i .e., replac ing the 
momentum wheel s, a t t i t u d e  cont ro l  t h r u s t  1  eve1 s, number and 1  ocat ion o f  
th rus ters  a re  very t e n t a t i v e  and requi re much more study. 
A1 though the  e l e c t r i c  propul sion systems ind i ca te  a  1  arge mass savings, they 
have t h e i r  own po ten t i a l  p r o b l e ~ s .  Some o f  these issues t h a t  requ i re  fu r the r  
study and experimentation are: 
1) I n te rac t i ons  w i t h  the cont ro l  system o f  a  pulsed th rus ter  system; 
2 )  Thruster 1  i fetime; 
3 )  Radio frequency interference; 
4 )  Exhaust c o n i a ~ i q a t i o n  o f  antennas, e tc ;  and 
5) I n teg ra t i on  o f  an e l e c t r i c  propulsion system i n t o  the MSAT. 
This pre l iminary estimate assumed t h a t  a l l  the chemical th rus ters  were replaced 
w i t h  e l e c t r i c  thrusters,  however, the optimlim system might be chemical 
th rus ters  f o r  MSAT deployment, acqui s i  t i on ,  and a t t i t u d e  contro l  and e l e c t r i c  
th rus ters  f o r  s t a t i  onkeepi ng. 
Table F-1, Character is t ics of State-of- the-Art I o n  and 
Pul sed Plasma E l e c t r i c  Propul s ion Systems 
I Pulsed Plasma Thruster (PPTL (AFRPLIFairchi l d )  
Pul sed device; sol  i d  t e f l o n  propel 1 ant  
Average Input  Pul se Speci f ic  System 
Thrust Power Rate Impul se Dry Mass 
Size 
-
(mLb) O_ (pulsels)  (s )  ( I b )  
" M i  11 i pound" 1 170 0.2 2200 50 
"Micropound" 0.13 54 2 1100 10 
Elect ron Bombardment I on Engine (NASA/Hughes) 
I 
I Steady device, minimum on time 1 s; Fercury propel lant  
Average Input Speci f i c  System 
Thrust Power Impul se Dry Mass 
Size 
- _o J L L  0 0
8 cm 0.57 7 0 2770 36 
1.15 122 2720 36 
I 2.27 237 32 70 3 6 I 
